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ABSTRACT 
 While additive manufacturing (AM) is still in the infancy stages within the DoN 
for complete adoption, the DoN is interested in knowing how to more accurately measure 
AM adoption. Ongoing fiscal restraints make adoption of AM a challenging decision 
over higher-priority programs. A determining factor in the process of making that 
decision will be the knowledge about the potential AM holds—if the investment in AM is 
capable of realizing significant savings, return on investment (ROI), and efficiency 
improvements in the AM procurement process versus traditional procurement methods. 
Ultimately, sustainable readiness around the fleet and ROI are a high priority. First, the 
research effort defined the DoN leadership support as part of the National Defense 
Strategy. Second, we utilized various case studies and data resources from around the 
DoN to observe where the ROI will be maximized and how ROI directly relates to the 
large-scale adoption of AM. Third, we culminated with the development of a model that 
used colored bins to guide the decision-maker to employ AM vice traditional 
procurement methods. Multiple examples of costs and benefits found during the site 
visits and ways a decision-maker can adjust and use ROI are offered. Finally, we 
incorporated the recommendations for increased efficiency of procurement and 
highlighted areas where AM will be best utilized in the future. The research concluded 
with a sensitivity analysis and proposed areas of future development. 
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A. RESEARCH DOMAIN  
This research domain endeavors to encompass additive manufacturing (AM)—also 
known as three-dimensional (3-D) printing in its ability to be adopted by the U.S. Navy 
and Marine Corps — through a comprehensive look at the metrics and framework that will 
need to be utilized in order to realize return on investment (ROI). “AM” and “3-D printing” 
are used interchangeably throughout this thesis and will therefore be referred to as “AM/
3-D printing.” 
Within this domain, the comprehensive research looks at various case studies 
throughout the Navy and Marine Corps to develop a real-time framework model for the 
ROI of AM. Additionally, the research includes current methods for developing ROI and 
measuring adoption through the use of the learning curve theory, multi-additive decision 
making (MADM) concepts, social return on investment (SROI), cycle time efficiency, and 
others. 
Additionally, this research is in direct support of a FY19 Naval Research Program 
(NRP) project report done by Dr. Amela Sadagic of the Naval Postgraduate School titled 
“Metrics and Measurement in Additive Manufacturing Domain: Adoption and Return on 
Investment.” 
B. RESEARCH PROBLEM AND MOTIVATION  
AM/3-D printing can provide many future opportunities for the U.S. Navy domain, 
and that is why naval leadership would like to know how they can fully implement the 
adoption of AM throughout the Department of the Navy (DoN) and how can they measure 
the ROI. One major principle in making adoption of AM a sustainable addition for the DoN 
is to be able to fully encapsulate the ROI seen by AM from any unit utilizing AM/3-D 
printing. Additionally, the ROI will provide the guidance necessary for Navy leadership to 
know where to best implement AM/3-D printing in an effort to maximize the ROI. 
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In a continuing era of constrained resources, the DoN is forced to make difficult 
decisions as to where financial cuts and limits need to be made. These decisions inherently 
require and force efficiency improvements Navy-wide. Once the efficiency of programs 
and processes are improved, the effort will reduce the taxpayer dollars outlay appropriated 
to the DoN and in turn, allow the dollars saved to be placed toward higher priority 
programs. 
One of the vehicles to increased efficiency and cost savings to be realized in ROI 
is the complete adoption of AM/3-D printing Navy-wide. Increased efficiency and cycle 
time have been recognized by many including the former chief of naval operations (CNO) 
Admiral John Richardson. Admiral Richardson included in his 2018 “A Design for 
Maritime Superiority V2.0” (hereafter referred to as “Design V2.0”) that as a Navy “we 
will need to strive to reduce cycle time in all aspects of the organization” (Chief of Naval 
Operations, 2018, p. 8). Since efficiency is closely related to cost savings, AM has a 
tremendous potential to save the DoN a significant amount of money and be better stewards 
of taxpayer dollars. 
C. RESEARCH QUESTIONS 
In order to determine ROI, the research must first develop the framework of the 
various costs and benefits associated with AM. The costs and benefits discovered within 
this research will, in turn, help naval leadership actors in determining where AM can best 
be utilized in order to maximize the ROI. The following are the research questions this 
thesis answers:  
(1) How can return on investment (ROI) framework for AM be modeled to 
show costs, benefits, and when to be utilized? 
Reducing the cycle time and increasing efficiency in the procurement of mission-
critical components, as well as non-critical components using AM/3-D printing may be a 
tool to highlight where AM can best be utilized. 
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(2) Can the AM ROI framework be utilized to cut costs and increase efficiency 
associated with the procurement of mission components? 
Once the ROI framework is designed, the model may be able to guide DoN leaders 
when making decisions as to when to utilize AM/3-D printing over using traditional 
procurement methods through the use of the Defense Logistics Agency (DLA). 
(3) Can the AM modeling framework be used by Navy and Marine Corps 
leadership as a sophisticated tool to decide when to use AM in a given 
scenario? 
The answers to those questions give DoN leadership actors the tools necessary for 
Navy-wide adoption of AM. 
D. SCOPE 
The breadth of this comprehensive research looks at various case studies that 
encompass the U.S. Navy and Marine Corps AM currently being utilized. The case studies 
include analysis of AM/3-D printing within the confines of the (1) Southwest regional 
maintenance center (SWRMC) fabrication laboratory (aka “Fab lab”) onboard Naval 
Station San Diego, California; (2) Mid-Atlantic regional maintenance center (MARMC) 
innovation laboratory (aka “Innovation lab”) onboard Naval Station Norfolk, Virginia; (3) 
The AM fabrication shop onboard the Landing Helicopter Dock ship USS Makin Island 
(LHD-8) in San Diego, California; and (4) The 1st Marine Expeditionary Force (1st MEF) 
AM training center (AMTC) and mobile AM shop in Camp Pendleton, California. 
The depth of this research looks at the costs associated with each case study to 
include personnel, time, materials, direct labor, indirect labor, equipment costs, property-
plants-equipment (PPE), and asset depreciation. The benefits are also considered in cost 
savings when using AM compared to traditional procurement costs, operational readiness, 
reverse engineering existing components, improvement redesign of existing components, 
design of non-existing components, tools, and student knowledge carried on to the fleet. 
This thesis is qualitative in measurement and design. The thesis allows other 
research projects to expand on this framework and make a quantitative measure of ROI for 
AM in the future. 
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E. APPROACH TO AM ROI FRAMEWORK 
The research approach for ROI framework development in this thesis is 
accomplished by utilizing data obtained from the case studies described in Section D, the 
literature review, current ROI data on cost savings, and finally, the development of an ROI 
framework model.  
The case studies cast some light and provide insight into the inter-functioning 
around the fleet and how AM/3-D printing is currently being implemented. In addition, the 
case studies are compared with one another to look at similarities and differences that each 
Fab lab or Innovation lab is doing in support of AM for the fleet, their concepts, 
methodology, and paths forward with current resources in place. This research also casts 
some light on the current AM training environment used by select AMTCs within the Navy 
enterprise. The ROI model develops the full costs associated with the labs and training 
centers to capture the entire cost picture. 
Diverse types of literature provide insight and methodology that others have used 
to capture ROI. Select discoveries in the Chapter II literature review are driven by current 
DoN leadership. Much of the guidance is directly related to AM in that AM is specifically 
mentioned. DoN AM/3-D printing guidance is aligned with methodologies found in the 
literature review of Chapter II and used in the framework model development. Cost and 
time-saving elements are identified and utilized in the model and placed into one of three 
colored bins –— Green, Yellow, or Red—where the coloring of the bins can be compared 
conceptually to a standard traffic stoplight. The green bin equates to components that can 
be procured by AM. The yellow bin is a caution bin which can be thought of as a 
component that has the ability to be procured with AM, but needs further testing or reworks 
done prior to approval. The red bin consists of components that cannot be procured with 
AM due to a lack of available technology or legal barriers.  
Part of the literature review and data collection from the case studies includes data 
sets that contain documented cost savings that each of the labs have realized. Some of the 
savings realized by the labs is included in the supporting data used in the development for 
the ROI framework model. The data is also used to support Chapter II of this research. 
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F. REPORT STRUCTURE 
The organization of this thesis starts with an introduction to AM and describes why 
an analysis of adoption and ROI will help the DoN make better informed integration 
decisions in the future.  
In order to support the adoption of AM and the development of the ROI model, 
Chapter II discusses the roots of AM manifestation within the DoN, its guidance by 
leadership to include guidance set forth by the secretary of the Navy (SECNAV), the CNO, 
the naval additive manufacturing executive committee (NAM EXOMM), the commandant 
of the Marine Corps, and the U.S. Government Accountability Office (GAO). To set the 
stage for the ROI framework and adoption objective, supporting data is presented from 
sources such as the fiscal year 2020 budget request showing the increasing costs—
specifically in operations and maintenance, Navy (OM&N). Comparisons are made to the 
time savings benefits of AM/3-D printing, cost savings discovered by the various labs, and 
the cost of equipment.  
Chapter IV discusses data sources. In this chapter the research is immersed in the 
data discovered and obtained by the authors in each of the various case studies previously 
described. Chapter III includes cycle time data on obtaining a component in Afghanistan, 
under the time definite delivery standards (TDD). Each of these data sources provides 
evidence that supports the ROI framework model development. 
Chapter IV describes case studies, the adoption potential, and ROI being discovered 
by the individuals leading their AM departments. Data gathered by these business cases 
draws-out similarities and differences to compare and contrast. There is also a discussion 
on possible barriers to adoption of AM for the DoN. 
With all of the previously mentioned data and findings, the ROI framework model 
is then developed. The framework is based on realized costs and benefits. In order to 
develop a qualitative model, the researchers describe the discovered costs and benefits. 
Results are then discussed based on the framework model developed. Areas of cost 
savings are pointed-out to the reader to show where DoN leadership actors may find AM 
most beneficial as related to ROI and complete fleet-wide adoption. Since research can be 
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time constrained and/or limited by resources, a sensitivity analysis will be done to highlight 
potential problematic areas for this research. 
This research then concludes with recommended areas for potential future 
expansion where additional theses can expand and improve or adjust the model and 
framework to meet current economic conditions and methods within the DoN domain. To 
conclude, potential areas for expansion of the framework are discussed. 
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II. BACKGROUND 
A. ADDITIVE MANUFACTURING IN THE NAVAL DOMAIN 
1. AM Background 
In 1983 Chuck Hull designed the very first 3-D printing process called 
stereolithography and patented the process. The stereolithography process involves 
solidifying thin layers of liquid material from an ultra-violet light as the material is 
extruded from an apparatus. Each layer is cured one at a time on top of each other until an 
object is created (Barrett, 2016). This process is known as AM. Hull later discovered that 
AM could be done with other materials as well, such as polymer, vinyl, nylon, and other 
materials that can be melted and reformed, post-curing to create a solid object (p. 1.2).  
AM has since then quickly gained worldwide popularity in 2017, with over 300,000 
households using 3-D printers. Commercially, AM/3-D printing has expanded to 
aerospace, dental, and medical industries, to name a few, that use AM to advance 
technology in their respective fields (Barrett, 2016). The commercial industry recognizes 
AM/3-D printing as a way of the future and is incorporating AM into their everyday 
operations due to the following benefits in cost, schedule, and performance (Barrett, 2016): 
(1) Cost 
• Lower fixed costs 
• Reduction in labor cost 
• Less weight 
• No warehousing and inventory cost 
• No transportation costs 
• No import/export fee 
• Reduced infrastructure cost 
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• Cheaper for small production 
(2) Schedule 
• Speed and ease of prototyping, faster and less risky route to the customer 
• Innovation and prototyping along with speed and ease 
• Reduction in customer wait time 
(3) Performance 
• Increased production flexibility 
• Increased voice of the customer 
• Creation of complex designs 
• Ability to customize each and every item  
This technology also comes with its own set of unique challenges, however many 
of the challenges, for instance quality, can be resolved over time as technology is 
continually improving.  
2. Current U.S. Navy AM Implementation Plan 
In 2015, the then SECNAV, the Honorable Ray Mabus, set forward a path for AM 
to be implemented via a memorandum that was sent to the CNO, the commandant of the 
Marine Corps, the assistant secretary of the Navy (research, development, and acquisition) 
(ASN RD&A). In this memorandum, Secretary Mabus envisions the broad-range potential 
usage of AM/3-D printing throughout the Navy/Marine Corps. The broad connection he 
highlighted ranged from AM/3-D printing onboard the USS Essex (LHD-2) to the Marine 
Corps at Marine Corps Air Station Cherry Point, North Carolina. He boasted how being 
able to utilize AM/3-D printing for aircraft repair parts to other very practical uses has the 
ability to save and improve lives as the Walter Reed Medical Center does by utilizing AM/
3-D printing for surgical and bionic components to help wounded warriors. Secretary 
Mabus set the tone at the top by confidently asserting: 
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The United States (U.S.) Navy and Marine Corps team is realizing the 
potential of Additive Manufacturing (AM) and 3-D Printing (note: these 
terms will be used interchangeably), to transform our future maintenance 
and logistics supply chains, increase logistics resiliency, and enable true 
self-sustainment for our forces during operations. AM affords extraordinary 
agility over traditional manufacturing, procurement and acquisition 
methods, and will lead the Department of the Navy (DoN) in radically 
enhancing fleet life cycle logistics, increasing the operational availability of 
our forces, and reducing total ownership costs. (Mattis, 2015) 
Additionally, in his memorandum Secretary Mabus detailed the design of the 
leadership with the ASN (RD&A) designated to be in charge of implementing the plan 
forward for AM. The implementation is to be co-authored by the DoN AM naval executive 
committee (NAM EXCOMM). Designed in 2015, the NAM EXCOMM is led by the 
deputy commandant of the Marine Corps for Installations and Logistics (DC I&L), deputy 
assistant secretary of the Navy for research, development, test and evaluation (DASN 
(RDT&E)), and the deputy CNO for fleet readiness and logistics (N4) to act as an advocate 
for AM in resources, facilitation, and to assess the need to change policy (Department of 
the Navy, 2017, p. 6). 
Secretary Mabus’ memorandum set in place a series of events that in 2016 included 
(1) the first flight of a mission-critical metallic AM component onboard an aircraft, (2) a 
DoN-wide energetics group that led massive advancements in AM’s use in propellants and 
explosives, (3) broadened technology for AM/3-D printing makerspaces (location where 
personnel can design and 3-D print items) deployed within the civilian and warfighter 
domains; and finally, and (4) war-gaming participation to broaden the perspective of AM/
3-D printing within the industry and expand government policies of conducting business 
together (Department of the Navy, 2017, p. 4). 
Five objectives were born from the “DoN AM Implementation Plan V2.0” (2017) 
(hereafter known as the “Implementation Plan”), which identified increased readiness or 
sustainment and enhanced warfighting capability as the highest priorities. The five 
objectives that followed those high priorities manifested based on the most significant 
obstacles AM is facing (p. 8–12):  
1. Rapidly certify and qualify AM components 
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2. Be able to have an integrated digital system in which AM data, 
infrastructure, and tools are used to support secure on-demand 3-D 
printing. 
3. Create a formal process where AM/3-D printing education, training, and 
certifications are accessible to all of the Navy workforce. 
4. Develop business practices that facilitate the flow of sound AM/3-D 
printing business practices with respect to intellectual property, 
contracting, legal, and liability guidance.  
5. Allow flexibility for low volume production of AM/3-D printing within 
maintenance and production related environments. 
To illustrate the integration of the highest priorities with the five naval AM (NAM) 
goals, Figure 1 depicts subcategory goals in the form of intended outcomes listed beneath 
each priority fed by the five NAM objectives. 
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Figure 1. NAM Goals, Intended Outcomes, and Objectives. Source: 
Department of the Navy (2017, p. 7). 
Appendix 1 presents a flowchart developed by the NAM EXOMM which is a 
timeline (from FY16–FY21+) of events intended to occur in sequential order and provides 
a foundational support for AM implementation. This timeline was published in the 2017 
“DoN AM Implementation Plan V2.0” and was designed with the notion that 
implementation transcends beyond material and specific processes, requiring the support 
of digital tools, cyber requirements, business support guidance, training of personnel and 
others in order to support readiness/sustainment and enhanced warfighting capabilities of 
the force. 
Richard V. Spencer succeeded Secretary Mabus as a Secretary of the Navy, and he 
is also aligned with the implementation ideals and importance of AM methodology and 
framework just as his predecessor. In fact, in his opening paragraph to the “DoN Business 
Operations Plan” (2018) version 1.2 covering fiscal years 2019–2021, Secretary Spencer 
recognizes AM as a catalyst that is changing the future of our great power competition and 
changing the world (p. 2). 
12 
In line with the direction of Secretary Mabus and later Secretary Spencer, the CNO 
Admiral Richardson similarly understood the extreme importance of AM to the Force 
readiness and warfighting capabilities and made specific mention of AM in his Design 
V2.0 (2018). In his response to the security environment in which the U.S. Navy operates, 
CNO Richardson asserts that our first response is to be agile. In so much, he states the 
Navy must “expand the competitive space” (Department of the Navy, 2018a, p. 5). AM is 
one way in which the DoN can become more agile. For example, AM has great potential 
to allow the force agility with respect to non-dependence on long supply wait times, 
obsolete parts, parts that have no manufacturer in business anymore, parts that need to be 
improved for a longer life cycle, propellent for explosives, biological components and 
surgical usage, ability to repair weapons in combat on the battlefield, and numerous other 
uses. 
In his Design V2.0, CNO Richardson describes the concept of Blue and Green lines 
of effort (LOE). The Blue LOE concepts are designed to strengthen naval power on the 
sea. CNO Richardson included three concepts of AM/3-D printing importance within the 
Blue and Green LOE. The two Blue LOE that he describes and directly relates to AM is 
LOE#4 and LOE#7. LOE#4 is the direction to “strive to reduce cycle time” where AM/3-
D printing has keen potential to significantly reduce the cycle time of component 
procurement time (p. 8). LOE#7, challenges the Navy to “posture logistics capability 
ashore and at sea … for improved ability and resilience to refuel, rearm, resupply, and 
repair” which can be achieved in part by effectively using AM to accomplish this challenge 
(p. 8). The Green LOE#6 challenges the Navy to “Maximize use of additive manufacturing 
to fabricate “hard to source” or obsolete parts” (p. 11) in order to reduce the procurement 
cycle time, costs, and maintain readiness with AM. Additionally, CNO Richardson 
advocated changing or adjusting current policies and procedures that hinder the AM 
process (p. 6).  
The 38th commandant of the Marine Corps, General David H. Berger, also 
recognized the importance of implementing AM/3-D printing into the Marine Corps and 
included AM in his 2019 “Commandant’s Planning Guidance 2019” by setting the tone for 
the future readiness of the Marine Corps, he proclaims: 
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Last, we must prioritize research, development, and fielding of emerging 
and advanced technologies that are applicable within the seaward and 
landward portions of the littorals. Technologies such as artificial 
intelligence, robotics, additive manufacturing, quantum computing, and 
nanotechnology will continue to change the world - we must be positioned 
to capture the returns on investment. (Commandant of the Marine Corps, 
2019) 
3. Overview of the Navy Supply Chain Procurement Process 
The Navy supply system (NAVSUP) is in direct support of the Navy supply chain 
management and various material support. NAVSUP supports the CNO and the ASN 
(RD&A). According to his thesis “Analysis of Additive Manufacturing for Sustainment of 
Naval Aviation Systems” (2017) author David Coyle portrays the main responsibilities of 
the NAVSUP command as cataloging and managing inventory, packaging, transportation, 
distribution, receiving, storage of material and components, and disposal of items (p. 22).  
The NAVSUP command also encompasses the Naval Supply Systems Command 
weapon systems support (NAVSUP WSS), which has the overarching responsibility to 
procure and sustain naval weapon systems equipment. They are responsible for (1) 
strategically placing material at select locations where the demand lies, (2) Maintaining an 
inventory data sheet for asset oversight, (3) providing technical assistance around the Navy 
and the supply system therein (Coyle, 2017, p. 22).  
There are two NAVSUP WSS commands that are both located on the east coast. 
There are eight Fleet Logistic Centers (FLC) that catalog and distribute the items obtained 
by the NAVSUP WSS and are the primary chain of command for the fleet operating forces 
(Coyle, 2017, p. 25). Figure 2 depicts the four FLCs covering each coast of the U.S., with 
one of the four West Coast FLCs located in Japan. 
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Figure 2. FLC Locations and Type. Source: Coyle (2017, p. 25). 
Each FLC will fill a supply order requisition from the fleet, assuming the item is in 
stock. If, however, the item is not in stock at the FLC, the NAVSUP WSS will be queried 
to fulfill the order. The NAVSUP WSS will then query the other FLCs to see if any of them 
have the item in stock, and if one of them has the item in stock, they will package and ship 
the item to the requesting fleet organization. NAVSUP WSS then sends a request to the 
equipment manufacturer for a resupply of the stock item. If, however, the item is not 
available at any of the FLCs, the item is logged as backordered, and the other methods of 
procurement are sought after (Coyle, 2017, p. 22). See Figure 3 for a graphical depiction 
of the supply process just described. 
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Figure 3. The Navy Supply System Process. Source: Coyle (2017, p. 23). 
Although that type of supply process is for spare part replacement, repairable assets 
have a very similar process in which they are returned to the supply system, and the 
returning organization is given a full credit to their account in cases where it is determined 
the part is beyond capable maintenance (BCM). If the asset is repairable, the repair facility 
may be government-owned, repaired at the FRC, or even a commercial facility (Coyle, 
2017, p. 23). 
When it comes to repairing failed weapon systems, the supplying FRCs will 
routinely request spare parts through the DLA. The DLAs are strategically placed globally 
to support such weapons systems. A DLA locations map is depicted in Figure 4. For 
example, in a naval aviation unit, a failed weapon system asset (known as a “carcass”) is 
sent to the cognizant FRC where it will be inspected and given a disposition. If the carcass 
is determined to be repairable, the part will be pulled from the shelf, and the carcass (asset) 
will be repaired. Alternatively, if the part needed for repair is not in the inventory, the 
carcass will be placed in an awaiting parts (AWP) status and placed on the shelf. If the 
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DLA distribution center does not have the part in stock, the DLA distribution center will 
then purchase the part through the commercial industry using contracting acquisition 
processes (Coyle, 2017). In his thesis research, Coyle notes that the spare part availability 
within the Navy supply is a big issue, especially within Navy FRCs where non-availability 
of parts is materially and temporally costly (p. 26). 
  
Figure 4. Global DLA Distribution Center Locations. 
Source: Coyle (2017, p. 26). 
Assets that are mostly low volume and AWP for 45 days or more are labeled as “G-
condition” parts by the FRCs. All G-condition assets are combined on a material delay list 
and that list is reported monthly by each FRC to the NAVSUP WSS (Coyle, 2017, p. 42). 
Therefore, the material delay list could be very useful when considering AM as an 
alternative procurement method for such low volume parts. The aforementioned slowing 
down within the NAVSUP is precisely what Admiral Richardson is pointing out in his 
Design 2.0 with Blue LOE #4 (increase cycle time) and Green LOE #6 (use AM for hard-
to-source items). 
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4. Red, Yellow, Green Bins 
The idea of the color-coded red, yellow, and green bins is that items being 
manufactured using AM/3-D printing can be quickly identified into one of those colored 
bin categories based on the ability of the item to be 3-D printed and how critical it is in 
supporting the mission. The concept of the red, yellow, and green bins follows the coloring 
of a standard traffic stop-light in the U.S. Red corresponds to “stop,” yellow corresponds 
to “caution,” and green corresponds to “go.” The green, yellow, and red concept in this 
thesis is similarly aligned with that of the naval sea systems command (NAVSEA) green, 
yellow, and blue box (bin) items. For example, in the NAVSEA system, the boxes are 
sorted by risk levels, which in turn decide the box they are placed in. For example, a green 
box item is classified as a low risk item, a yellow box item is classified as a moderate or 
high-risk item that has been submitted for assessment, and the blue box items are those that 
have technical approval, a technical data package (TDP), and specifies materials and 
printers to be used (NAM EXCOMM, PowerPoint slides, Jan 17, 2019). 
When it comes to red, yellow, and green relative to AM/3-D printing, these colors 
will mean that red bin items correspond to components that “cannot” be produced using 
AM/3-D printing. Yellow bin items correspond to components that “may” be able to be 
produced with AM/3-D printing, but need further refining and/or testing. Lastly, green bin 
items are components that “can” be produced using AM/3-D printing and have no 
restrictions. 
In order to ensure quality of AM components, organizations such as the National 
Institute of Standards and Technology (NIST) is providing and supporting testing of 3-D 
printed items for quality, dependability, and longevity. NIST is also creating standards 
through ASTM on quality of 3-D printed components (Persons, 2015, p. 13). By using 
organizations like NIST, the DoN can be confident in components designed and printed 
using AM. Quality products ensures a greater ROI and leads to greater confidence in AM, 
which in-turn will speed-up adoption of AM within the naval enterprise. 
One method of determining which components can be placed into certain color bins 
is to use a filtering device such as Coyle used in his 2017 thesis. In his thesis, Coyle parsed 
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two years of data collected from various sources, such as The Federal Logistics Information 
System (FLIS), Navy Enterprise Resource Planning (ERP), and DLA Enterprise Business 
System (EBS). The data was then collected into a single excel spreadsheet and filtered for 
removal of (1) all “G-condition” items, (2) nonstructural components, and (3) items with 
zero quarterly demand. Of the remaining items in the excel spreadsheet, technical data was 
obtained for each, where available. If, however, the technical data was not available, the 
item was removed from the list. The remaining items were considered technically feasible 
(Coyle, 2017, p. 45). The remaining items that were sorted are ideal candidates for the 
yellow (where applicable) or green bin designation items. 
Another method developed by NAVSEA and published in their 2018 “Guidance on 
the Use of Additive Manufacturing” is to use a flow chart to describe the selection process 
of when the use of AM would be a viable option. Figure 5 depicts the NAVSEA AM 
flowchart where Figure 6 is a blown-up flowchart of the sub-steps within step eight of 
Figure 5, so that the viewer can have a more close-up look at the detailed sub-steps. The 
flowchart involves the use of guidance on severity levels for the asset to be repaired or 
replaced. The severity levels range from 1–7, where severity level one is assessed as highly 
severe and may result in the catastrophic loss of the ship to a level 7 severity where the 
severity is negligible (Department of the Navy, 2018b). The flowchart allows the user to 
follow a series of steps of “yes” and “no” questions that will ultimately tell the user whether 
to utilize AM or other avenues to procure the component. Although the NAVSEA 
flowchart does not describe the colored bins [red (blue), yellow, and green], one can use 
the flowchart concept to place a component into one of the bins. Built into NAVSEAs 
flowchart is a testing phase (step 9) that could be construed as yellow bin items. Similarly, 
if the component is recommended to be procured via AM in the flowchart, one can place 
those items in the green bin. Conversely, those items not recommended by the NAVSEA 
flowchart to be procured with AM, could be placed in the red bin. 
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Figure 5. NAVSEA AM Decision Tree Flowchart. 
Source: Department of the Navy (2018b, p. 9). 
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Figure 6. NAVSEA AM Decision Tree Step 8. 
Source: Department of the Navy (2018b, p. 10). 
5. Current Operations and Maintenance Navy Environment 
The total ownership costs (TOCs) of programs in the operations and maintenance 
phase have the potential to be 65% to 80% of the overall life cycle costs (LCC), according 
to a 2012 study conducted by the Defense Acquisitions University (DAU) (Coyle, 2017, p. 
35).  
As the TOC rises within a given program over the years, we are naturally seeing 
the fiscal year O&MN appropriation request grow due to inflation and price growth from 
a natural increase in costs of materials and labor. According to the fiscal year 2020 (FY20) 
“Operations and Maintenance Overview” budget estimates, Table 1, depicts the total actual 
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O&MN cost for the Navy and Marine Corps at $62,502.2 FY18$M, which included 
Overseas Contingency Operations (OCO) funding. In FY19, the enacted budget for Navy/
Marine Corps Active O&MN appropriation increased to a combined total of $62,551.5 
(FY19$M), showing a slight increase, but the total does not reflect $1,717.4 million of 
prior year recessions. For FY20, the Navy/Marine Corps requested a combined total of 
$68,187.9 (FY20$M), which includes $134,684.8 million in OCO funding (USD 
(Comptroller), 2019, p. 1). The costs that make-up the O&MN budget are based on four 
separate budget activities: (1) Operating Forces, (2) Mobilization, (3) Training and 
Recruiting, (4) Administration and Service-wide Activities (p. 7). Table 2 shows the 
relationships of the budget activities to each FY appropriation. 
Table 1. DoD O&M by Service Appropriation. Source: Department of 
Defense (2019, p. 1). 
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Table 2. Navy Budget Activity Per FY. Source: Department of Defense 
(2019, p. 7). 
 
 
The major costs associated with the current O&MN budget that can be affected by 
the utilization of AM/3-D printing are maintenance of ships and aircraft. The ship portion 
of the O&MN budget is a result of the maintenance on a total of 296 ships in inventory 
with a total FY19 cost of $18,234.7 million between the Navy Reserve and Active forces. 
The $18,234.7 million cost is an increase of $880.7 million from FY19. Table 3 shows the 
relationship of the O&MN costs from FY19 to FY20 estimates and the associated cost 
drivers that result in the corresponding change. A cost driver that is directly affected by 
AM is ship maintenance which increased $668.1 million from FY19 (Department of 
Defense, 2019, p. 55). 
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Table 3. Navy Ship O&M Support Costs by Driver. Source: Department of 
Defense (2019, p. 55). 
  
 
Naval aviation has a total FY19 inventory of 3,622 aircraft, however the FY20 
budget indicates a decrease of 191 aircraft for an aggregate FY20 inventory of 3,431 
aircraft. The FY20 O&MN budget is for $11,747.4 (FY20$M). The $11,747.4 million is a 
total increase of $520.8 million from FY19 (Department of Defense, 2019, p. 60). Table 4 
shows the breakdown of those costs causing a $520.8 million increase. 
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Table 4. Active Naval Air O&MN Support Costs by Driver. Source: 
Department of Defense (2019, p. 60). 
  
 
Although Table 4 indicates an expected decrease in aircraft depot maintenance of 
$79.2 million from realigning the maintenance phase methods and eliminating the Super 
Hornet aircraft high flight hour inspection maintenance, AM has potential to reduce the 
savings even further—especially with the onset of the F-35 eventually being phased in to 
replace all F-18’s (Department of Defense, 2019, p. 60). 
The Navy Reserve air operations component reports a total FY20 inventory of 329 
aircraft and a requested O&MN appropriation of $809.8 million. The FY20 budget 
appropriation is an increase of $86.9 million from the previously enacted FY19 
appropriation (Department of Defense, 2019). Table 5 shows the Reserve O&MN 
appropriation request for FY20. The FY20 estimate is an increase of $86.9 million from 
FY19. A portion of the $86.9 million increase can be directly affected by using AM/3-D 
printing for both intermediate maintenance as well as depot level maintenance (p. 66). 
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Table 5. Navy Reserve Air O&MN Support Costs by Driver. Source: 
Department of Defense (2019, p. 64). 
 
 
6. Current Additive Manufacturing Resource Environment 
Direction from: (1) the SECNAV in the “Implementation plan V2.0” (2017), (2) 
the 2015 SECNAV memorandum, (3) the CNOs 2018 “Design V2.0,” and (4) the 
“Commandant of the Marine Corps Planning Guidance” (2019) all support paving the path 
forward for AM/3-D printing. Oddly enough, AM did not fare well with the program office 
memorandum 2020 (POM-20) and was not able to gain any significant financial traction. 
To be sure, the POM-20 budget request resulted in a $0 increase for AM (FY20 through 
FY 25) in excess of the $13.58 million already enacted from the President’s budget 2019 
(PB-19) (NAM EXCOMM, PowerPoint slides, Jan 17, 2019). 
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POM-21 will need more follow-on support and guidance from the OPNAV 
leadership moving forward. Without support, the DoN will fall behind in readiness and 
overall ability to stay ahead of the competition of other forces such as China and Russia. 
Implementation of complete adoption for AM, with support from this research and the ROI 
that can be realized will make the investment in AM effort worthwhile. Delaying the 
growth of AM/3-D printing only retards progress and technological advancement. 
AM/3-D printing is continually growing around the world. Every day, new 
advancements in AM technology are strengthening the power of its continuous growth. For 
example, Wohlers Associates researched global revenue growth from AM over the period 
covering 2011–2013 and estimated the growth to go from $642.6 million to $1.065 
billion—a 65% growth (Persons, 2015, p. 1). It is unclear whether the growth figures 
provided have accounted for inflation. Assuming inflation has not been accounted for, the 
BLS (https://www.bls.gov/) inflation index calculator shows that $1.00 in 2011 is $1.03 in 
2013. Using this $0.03 increase per dollar, the $642.6 million growth in 2011 would 
convert to $661.878 million in 2013, decreasing the margin from CY11$ to CY13$ by 
$19.278 million. Assuming the data was not normalized and is now normalized, the reader 
can see the real growth in CY13$ from $661.878 million in 2011 to $1.065 billion in 2013 
with a 61% growth rate. In either scenario, the growth is still significant at more than 60% 
growth. 
Additionally, the Globe Newswire published an article claiming that recent data 
gathered by the Reports and Data group suggests a compounded annual growth rate for 
AM of 14.4% and is currently a $7.97 (CY18$) billion industry that is expected to reach 
$23.33 billion by the year 2026 (Reports and Data, 2019). 
With the current popularity of AM, future growth appears to be both inevitable and 
expected. Based on the data provided in all reports, one may conclude that AM technology 
is highly needed in the commercial industry to support further industrial growth. Similarly, 
the DoN can utilize AM for growth in the form of readiness and can also remain on the tip 
of the technology sphere to remain a superior naval force. 
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B. RETURN ON INVESTMENT STUDIES - HISTORICAL EXAMPLES 
1. Introduction to Return on Investment 
Return on Investment begins with the costs of obtaining assets, materials, labor, 
sustainment, and overhead. The NAM EXCOMM meeting of March 2019 presented a table 
of typical current cost drivers for AM that affect ROI. They discovered the typical cost 
drivers for AM/3-D printing to be (1) design time based on manhours, (2) material and 
various support (print time) costs calculated as per spool per printer, and (3) quality 
assurance time performed post printing (NAM EXCOMM, personal communication, 
January 17, 2019). 
Naval Air Systems Command (NAVAIR) has developed a capability plan for AM 
using a three-tier concept, where each tier is a separate level of AM printing machine type 
(i.e., Commodity Polymer, Industrial polymer, Industrial Metal). Each tier has an 
associated cost for acquisition and sustainment at each designated site of installation 
around the fleet. The acquisition and sustainment costs are then summed together for each 
FY from 2019–2025 to show the resource funding requirement per FY (NAM EXCOMM, 
PowerPoint slides, Jan 17, 2019). NAVAIRs desire to sustain the investment in AM/3-D 
printing required for each of the three tiers signifies the requirement for committed funding 
in future appropriation budgets. 
The “Implementation Plan V2.0” recognized an early ROI with a July 2016 MV-
22 aircraft’s first flight with titanium made components by AM/3-D printing (p. C-1). This 
highlights the operational readiness value increase that closely aligns with the SECNAV 
and the CNO’s vision discussed in Chapter I. Again, the 2017 “Implementation Plan V2.0” 
also recognized the ROI of AM/3-D printing with the fabrication of a hydro radio plastic 
housing, which further proves the usefulness of AM. Hence, AM/3-D printing software can 
be used to design a component and will provide support to existing components—in turn, 
extending the life of the assets. 
2. Temporal ROI  
Temporal ROI is yet another benefit that has a profound impact by usage of AM/3-
D printing. The amount of time required to procure an item from the traditional NAVSUP 
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methods can be significantly reduced. Using a worst-case scenario of delivering supplies 
to a combat zone such as Afghanistan where supplies are needed quickly to support the 
war effort. Figure 7 shows the time definite delivery (TDD) on the surface to units in 
Afghanistan. The TDD is decided by stakeholders from various entities where they 
determined a TDD within their domain to comply with the DoD policy of 97 days from 
requisition to the end-user delivery time (Solis, 2011, p. 15). In his 2017 thesis titled 
“Improvements in Operational Readiness by Distributing Manufactured Capability in the 
Supply Chain Through Additive Manufacturing,” author Matthew Einhorn describes TDD 
as those items that are available in stock and applies to 85 percent of the maximum supply 
time allowed for delivery (p. 23). 
 
Figure 7. Afghanistan TDD from 2009–2011. Source: Solis (2011, p. 15). 
Although some of the deliveries did not have data and therefore were not accounted 
for in the research report, the GAO-12-138 report found the deliveries that did have the 
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data never once met the TDD for surface delivery. The other two methods of delivery are 
via air supply (military air transport) and/or via commercial air supply. Both of the air 
supply methods of delivery had short periods of time from in one-month spans from 
2009—2011 that actually met their TDD (p. 16–17). 
In Figure 7 the surface shipments never once met the TDD standard. In fact, the 
delivery times were as little as approximately 120 days to as much as 200 days. With having 
the option to utilize AM more readily in Afghanistan it is very possible that the TDD may 
have been met more frequently than never—as in the case of surface shipments. The ROI 
from using AM closer to the location where the supply is needed by the end-user can 
significantly reduce delivery times—especially if the component needed is a mission 
critical component. 
Some examples of temporal ROI can be seen from different naval entities such as 
NAVAIR, NAVSEA, Space and naval warfare systems command (SPAWAR), and the 
U.S. Marine Corps. NAVAIR highlights an AM/3-D printed an airborne low frequency 
sonar (ALFS) cover for an MH-60R (Seahawk) helicopter that reduced the lead time of 
delivery from one year to one week and brought the cost from $6,960 (CY18$) from 
standard procurement to $800 (CY18$) with the use of AM (NAM EXCOMM, PowerPoint 
slides, Jan 17, 2019). NAVSEA 3-D printed a commercial broadband satellite antenna with 
a rotary joint needed for a deployed ship in the 5th Fleet area of operations (AOR), thereby 
reducing the lead time by 16 weeks and ensured the USS Stennis remained connected to 
the internet (NAM EXCOMM, PowerPoint slides, Jan 17, 2019). SPAWAR 3-D printed a 
prototype spacecraft payload chassis that reduced the lead time by 27 weeks and realized 
a reduced cost per component by $20,700 (CY18$) (NAM EXCOMM, PowerPoint slides, 
Jan 17, 2019). Lastly, the U.S. Marine Corps 3-D printed a leg for the KU band of an 
ODINSPHERE that reduced lead time from one year to two weeks versus traditional 
procurement methods (NAM EXCOMM, PowerPoint slides, Jan 17, 2019). 
The Air Force, Army, and Navy have successfully utilized cold spray AM (CSAM) 
technology in which high-velocity particles are sprayed on an object where they bond 
together layer-by-layer to form an object (Wikipedia, 2019). The Air Force has utilized 
CSAM on the B-1 bomber aircraft forward equipment bay (FEB) door, where the airflow 
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has been disrupted during a flight from chaffing and cracking due to continuous opening 
and closing of the FEB door. During flight, the door can become loose, open, and depart 
the aircraft. The cold spray repair was tested and found to resolve the FEB door issue 
(Schrand, 2018). 
The Army had similar issues on the UH-60 Black Hawk helicopter sump tank. The 
sump tank is located beneath the aircraft and made of magnesium and holds hydraulic fluid. 
The sump tank that is located under the aircraft is subjected to corrosion from water runoff, 
leaking fluids, exposure to humidity, and other elements (Schrand, 2018). Unfortunately, 
the sheer numbers of corrosion of these sump tanks have created a backlog of repairs, which 
reduces readiness. Therefore, the Army uses an aluminum version CSAM to repair the 
corrosive parts (Schrand, 2018). 
Aluminum Cold Spray is also used to repair the Seawolf submarine periscope, TD-
63 actuator. Corrosion is also a problem for Seawolf submarine actuators, where CSAM is 
used to resolve the corrosion. Without the CSAM capability, the periscope would have a 
wait time of one year to be repaired (Schrand, 2018). A one year wait time can have 
significant effects on readiness for the fleet. Like the Seawolf periscope, the UH-60 
Blackhawk sump tank, the B-1 bomber FEB, and other aircraft (or assets) without the use 
of CSAM AM/3-D printing, they would typically see long wait periods for repair. 
3. ROI for Weight Reduction  
In August 2013, Douglas S. Thomas of the NIST organization published a research 
article on the “Economics of the U.S. Additive Manufacturing Industry,” where ROI is 
discussed in potential cost savings when using AM/3-D printing. Thomas’ research 
concluded that there are additional benefits when using AM for certain types of use, such 
as aerospace. AM research has shown-up to a 70% reduction in the weight of OEM parts. 
On top of the weight savings, the research identified savings in CY13 of approximately 
$3,000 in fuel for every one kilogram (2.2 pounds) of reduced weight (p. 24). Furthermore, 
the weight and cost savings contain an additional benefit of reduced emissions—which is 
very difficult to calculate the ROI for. 
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4. Limitations to AM/3-D Printing and ROI 
It is important to note when discussing ROI that there is a limit to the ROI when 
using AM/3-D printing for manufacturing in large quantities. Figure 8 shows the break-
even point for the procurement of batches of components when considering AM/3-D 
printing versus traditional procurement methods. The higher the quantity produced when 
using AM/3-D printing, the less the ROI (Coyle, 2017, p. 10). The contention in Coyle’s 
research is that the break-even point seems to be around 20,000 parts produced (p. 10). 
 
Figure 8. Break-Even of Production of Traditional Manufacturing vs. AM. 
Source: Coyle (2017, p. 10). 
Although 20,000 parts seem like a large amount to produce, the idea holds that AM 
may have greater ROI when producing small lots or single components. This is a result of 
AM having a nearly flat production cost compared to conventional manufacturing, whether 
you produce one unit or one hundred units. For example, Mr. Thomas used an example of 
manufacturing a landing gear assembly used for a scaled-down model of a P180 (Avant II) 
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aircraft. In the comparison of traditional manufacturing methods versus AM methods, the 
reader can see in Figure 9 when the total cost is divided by the size of the lot (or producing 
up to 40 assemblies), it is more cost-effective when using laser sintering AM/3-D printing. 
Contrarily, producing more than 40 assemblies is more cost effective when using 
traditional manufacturing methods (Thomas, 2013, p. 26).  
 
Figure 9. Die Cast Manufacturing Costs vs. AM Costs of aircraft Landing 
Gear. Source: Thomas (2013, p. 26). 
Thomas also points-out that in the NIST research article, AM does not follow the 
economies of scale theory, where producing in large quantities reduces the cost of each 
item. In AM/3-D printing, each item will cost the same regardless of quantity (p. 26). 
In an era where unmanned vehicles and unmanned aerial vehicles are becoming 
more and more of a way of the future and a way to keep the Navy and Marine Corps on the 
competitive edge for global superiority, AM has also shown ROI when producing 
components for such unmanned aircraft, like the swarm UAVs. Low-cost hardware to 
produce certain light-weight components of the swarm aircraft, such as housing for aircraft 
missile components were produced using common 3-D printers seen around the fleet today 
(Lobo, 2018). For example, 3-D printers like the Ultimaker3, SolidWorks software, and 
CURA software are some of the AM/3-D printing devices used today. As previously 
discussed, AM production of such components may realize a greater ROI up to a certain 
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number produced compared to traditional procurement methods. Further analysis of 
specific costs will need to be done to confirm this assumption, and gather and analyze more 
precise quantitative data. 
5. Observed ROI from SWRMC 
The SWRMC’s AM mobile lab and training center in San Diego, California utilizes 
AM in many ways, from designing tools to replicating components and 3-D printing parts 
to the design of a new component. Each 3-D printed item has an ROI value determined by 
the SWRMC AM lab leadership and a resulting material (financial) impact to the DoN 
budget. Additionally, each part has a TDP file saved and uploaded to the NAVSEA and 
NAVAIR file network, known as the joint technical data integration (JTDI) exchange. With 
TDPs in the JTDI, the AM lab leadership created a PowerPoint quad chart that is used to 
showcase and document the component and the associated ROI of each component. Each 
quad chart discusses the background, goal, solution, ROI/project impact, and provides a 
picture of the item showcased. Some examples of these quad charts are seen in Figure 10 
through Figure 13. 
In Figure 10, a tool for fuel pump pressure relief valve was developed by the 
SWRMC AM lab that condenses many different tools into one. The tool reduces the time 
and the tools required for the project operator. The material ROI is a direct result of the 
50% reduction in calibration time and the cost of the extra tools that would be required 
without that new tool. 
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Figure 10. Additive Manufactured Fuel Pump Relief Valve Tool. 
Source: Cesar Molina, PowerPoint slides (25 August 2019). 
Another tool designed and 3-D printed by SWRMC can be seen in Figure 11 and 
describes the ROI for this component in improved safety and time savings. Although the 
cost savings of improved safety may be difficult to capture when calculating the ROI, 
SWRMC asserts the solenoid-operated pilot valve (SOPV) T-handle is estimated to save 
10,168 person-hours totaling $508,400 (CY19$) (Cesar Molina, personal communication, 
25 August 2019). 
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Figure 11. Solenoid Operated Pilot Valve T-handle. Source: Cesar Molina, 
PowerPoint slides (25 August 2019). 
One example of a low failure rate item that could render an asset inoperative if the 
component fails, but could be returned back to a “fully functioning” status by utilizing AM/
3-D printing is seen in Figure 12. Figure 12 depicts a Nu-Torque MS6 switch cam 
component that was reverse engineered by the SWRMC AM lab and is thought to save the 
Navy from having to purchase a $1,118.48 MS6 control interface or paying a commercial 
repair company $50.00 to try and repair. By using AM, the total cost to reproduce the 
broken part was less than $1.00. Not only is the material savings prevalent in this scenario, 
but the readiness ROI is realized by the minimization by the downtime of equipment (Cesar 
Molina, personal communication, 25 August 2019). 
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Figure 12. Nu-Torque MS6 Switch Cam Reverse. 
Source: Cesar Molina, PowerPoint slides (25 August 2019). 
One example of a component with a higher fail-rate that can be resolved with AM/
3-D printing can be seen in Figure 13. The SWRMC AM lab reverse-engineered an electric 
cooling fan blade. This item fails often and is found when inspecting the electric motors of 
the CHT pump. Many parts that fail cannot be obtained from NAVSUP because the product 
may be obsolete, or no manufacturers remain in existence to produce the components. 
Many times, parts are very expensive to replace due to the lack of economies of scale. In 
the case of this electric motor cooling blade, replacement of the blade via traditional 
procurement methods renders a two-week lead time. Using AM, the lead time is 
significantly reduced down to two days. The cost savings of using AM to replace the blade 
goes from a normal cost of purchasing the blade of $180.00 (CY19$) from an outside 




Figure 13. Electric Motor Cooling Fan Blade Reengineered. 
Source: Cesar Molina, PowerPoint slides (25 August 2019). 
C. AM FOR SCHOOL-AGED CHILDREN IN THE UNITED STATES 
The Deputy Assistant Army Secretary for strategy and acquisition reform, Alexis 
L. Ross recently stated that China just bought 400,000 3-D printers and will be placing 
each of them in every elementary school in China (Rempfer, 2019). Clearly, this is a 
concern for the U.S. because if we are striving for worldwide superiority and desire to stay 
ahead of the competition, as Admiral Richardson asserted in the 2018 “Design V2.0,” we 
need to, at the very least, meet this technology face-to-face with our competition. 
We need to start introducing AM/3-D printing with our children in the primary and 
secondary school systems. The ability to learn the design and 3-D printing basics provides 
an opportunity to grow a love for AM/3-D printing and recognize the unbound possibilities 
AM brings.  
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General Electric (GE) is one organization that sees the importance of AM in the 
school systems. GE started the additive education program (AEP) in 2017, donating $10 
million (CY17$) in education-type programs throughout the country aimed to increase the 
awareness and excitement in AM within the primary and secondary school systems 
(Bentur, n.d.). The increased STEM knowledge by exposing kids at such a young age with 
initiatives like GE’s AEP is invaluable in relation to the early onset of knowledge and 
experience the kids gain in AM. For example, in 2018 GEAEP awarded 600 3-D printing 
packages for schools that applied for the award nationally. The printer package includes 
Polar Cloud premium account, Polar Cloud-enabled 3-D printer from Dremel (Flashforge 
or Monoprice), rolls of filament, and a range of learning software resources for the 
educators to learn from (GE Additive, 2019). Globally, GEAEP awarded 1,400 Polymer 3-
D printers to over 1,000 schools in 30 different countries. As a result, this effort reached 
an estimated 500,000 students (GE Additive, 2019). The president and CEO of GE 
Additive astutely observed: “The sooner we put additive technology in the hands of the 
next generation of engineers, materials scientists, and chemists the sooner we can realize 
its potential” (GE Additive, 2019). 
The education in AM, however, does not stop at the primary and secondary levels 
of education. Many colleges throughout the nation are offering AM program curriculums. 
For example, Penn State is offering a master’s degree in AM and design (Bentur, n.d.). 
According to America Makes, other universities such as Texas A&M and the University 
of Texas, El Paso have invested millions of dollars in AM research and training and 
continue to expand the horizon with groundbreaking technologies. One can imagine the 
possibilities of advancement once all of the children given the ability to be exposed to AM 
can do once they reach the collegiate level in universities such as Penn State, Texas A&M, 
the University of Texas, or even the Navy/Marine Corps. 
Other organizations, such as SolidWorks, who produce 3-D design software, have 
started an App that is classroom friendly, secure, easy to use, and engaging for the young 
children. Ironically, SolidWorks software is one of the most widely used 3-D design 
software in the DoN since it is known to be user-friendly. Therefore, children are able to 
learn how to use 3-D printing software that is currently utilized in the DoN today. In this 
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SolidWorks App, the students can obtain a “riff” (basically a developed design idea) from 
the teacher and expand the riff into their own ideas or design their own ideas from scratch 
(Team SolidWorks, 2019). 
D. SUMMARY 
AM has many metrics in which one needs to consider when considering an ROI 
framework and when considering how to fully adopt AM within the naval domain. The 
“Implementation Plan” for AM laid the path forward with describing the five main 
objectives to focus AM on, designation of strategic implementation of 3-D printing 
devices, a timeline of events that must occur for complete adoption were mapped out, 
designating the NAM EXCOMM, and further research goals were delineated—all of which 
carve the path forward for AM adoption. 
The Navy supply chain can be complex with many distribution centers, but the unit 
must follow the path described in the instruction. This path requires the unit requesting a 
part to be repaired (or replaced) to have to wait on current in-place supply processes, which 
can be very time consuming and costly for the Navy if the needed component is not in 
stock, cannot be repaired, or is obsolete. Thus, AM can significantly reduce the requisition 
time and costs. Streamlining the supply chain can have significant benefits when using 
AM. An example of streamlining the supply chain is described in the “DoN Business 
Operations Plans 2019–2021” where the DoN recognizes “Establishing Additive 
Manufacturing/3-D printing throughout the USMC as a funded program of record … will 
flatten the supply chain and increase readiness” (Department of the Navy, 2018b, p. 63). 
Components can be identified and placed into one of three different colored bins that 
indicate their ability to be produced using AM or not. 
Based on the current O&MN estimate, one should be able to see that O&M costs 
are continually rising and require a material intervention to reduce the rising costs without 
sacrificing readiness and quality of naval assets. ROI can be realized in many methods 
from creating tools that have never existed to making new or improved parts that can assist 
in extending the life cycle and increasing longevity of the asset. 
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Lastly, in order to realize the benefits and see an ROI with AM, organizations are 
investing significantly in ensuring children in the U.S. and around the world have some 
exposure to AM design and printing as part of STEM learning in hopes of fostering a future 
generation advanced in STEAM knowledge. This can be done by fostering an early passion 
for AM in primary and secondary schools.  
For the U.S. to stay ahead of the competition, we must invest in the future. 
Investment in the early education of AM in U.S. children now will harvest the U.S. as a 
leader in AM. Harvesting AM in children now will result in future AM engineers and 
technicians that will positively affect the U.S. Navy’s ability to be the best in the world and 
help ensure the sustainability of AM throughout the naval enterprise. 
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III. DATA SOURCES 
A. INTRODUCTION 
Within the allowable time limits of completion for this report, this research 
discovered data from various realms of the naval enterprise via visits to various 
organizations within the Navy and Marine Corps. One common thread between the visits 
conducted is that all of them are making vast discoveries and improvements in AM/3-D 
printing within the DoN. Each visit looked at ROI from components that each particular 
entity designed, how the entity is funded, personnel assigned, equipment installed, and 
training conducting. 
From tools to re-design of components, each entity in our case studies is making 
extensive progress in the naval domain with respect to AM/3-D printing. The NAM 
EXCOMM (2019) asserts that to date over 1,000 unique items are now available to the 
fleet, 5,000 AM files exist on the JTDI exchange and are being shared around the fleet, 10 
networked sites exist with AM equipment, and eight naval ships presently have AM/3-D 
printing machines installed on them. 
B. CASE STUDY OF THE FLEET VISITATION RESULTS/DISCOVERIES/
FINDINGS 
The various case studies this research conducted allowed for some data 
summarizations that compare and contrast different aspects that have affect ROI and 
adoption, such as training, equipment, software, funding resources, and AM/3-D printing 
advancements noted during the research visit to each unit. The following are some data 
cumulated from the various business cases visited. The data is intended to provide the 
reader with some knowledge of the entity’s abilities and inner workings. 
1. SWRMC Naval Station San Diego, California 
Note: All data derived from Leader 1 (personal communication, August 16, 2019). 
• Number of students trained each class:  
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4–5 students per class. The class is open to active and reserve sailors as 
well as civilian employees. 
• Number of TDPs cleared for use in the green bin: 
Approximately nine and the number continues to grow weekly as new 
designs are created. 
• Number of TDPs cleared for use in the yellow bin: 
None are currently sitting in the yellow bin awaiting further research. This 
bin is seen more as a transitory type bin, where the part will ultimately fall 
to the red or the green bin after further testing is completed. 
• Number of TDPs cleared for use in the red bin: 
None. 
• Approximate quantity of spools used in training one class? 
One spool is typically used per class (750 mg). This is an on average 
number, since SWRMC AMTC uses different types of material (plastics) 
from time-to-time depending on what the student is 3-D printing. 
• Cost of one spool of PLA material? 
Approximately $40 (CY19$). 
• Printers and software used at SWRMC mobile training unit are 
summarized in Table 6. 
The “Name” column is the model of the 3-D printer used. The “Quantity” column 
shows the number of 3-D printers of the associated model the entity has on-hand. The 
“Materials” column describes the type of medium used to 3-D print for each 3-D printer. 
The associated material name is given in the technical form abbreviation for each. The 
“Method” column describes the procedure used by the associated 3-D printer to build the 
object. Common methods seen below are fused filament fabrication (FFF), 
stereolithography (SLA), computer numerically controlled (CNC) machines are mainly 
milling type machines utilizing various forms of metals, and Continuous Fiber Fabrication 
(CFF). The “Software” column shows the type of computer aided design (CAD) software 
utilized to create and print objects for the corresponding 3-D printer. The “Slicer” column 
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is the software used to make sure the CAD software is coded in such a language the 3-D 
printer being used can understand and subsequently print.  
Table 6. SWRMC Printers and Corresponding Data Currently On Hand 
 
Adapted from LulzBot.com/store/printers/lulzbot-taz-6 and Ultimaker.com/3d-printers/ultimaker-3 
 
2. MARMC, Naval Station Norfolk, Virginia 
Note: All data derived from Leader 2 (personal communication, September 4, 2019) 
unless otherwise noted. 
• Number of students trained each class: 
Six classes are currently being taught twice per month in the MARMC Technology 
and Innovation lab spaces. 
• Class length for basic course? 
One 8-hour day to teach the basic class. Leader 2 teaches the class. 
• Number of TDPs cleared for use in the green bin: 
100, per Leaders two (email to the author, October 21, 2019). 
• Number of TDPs cleared for use in the yellow bin: 
None. 
• Number of TDPs in the red bin: 
None. 
• Approximate quantity of spools used in training one class? 
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Less than one, per Leaders two (email to author, October 21, 2019). 
Leaders two explained the class usage of material to 3-D print items for 
the class students is approximately three grams (3g) of plastic material per 
student. There are multiple printers in the class, where each printer is 
tooled to print at a quality level for each student to be able to leave the 
class at the end of the day with their object they designed in the class. 
Table 7 is a current listing of 3-D printers and their corresponding data 
utilized at MARMC for training and professional printing purposes 
gathered from the author’s visit on September 4, 2019. 
Table 7. MARMC 3-D Printer Listing Currently On Hand 
 
Adapted from Ultimaker.com/3d-printers/ultimaker-3, Formlabs.com/3d-printers/form-2/, 
Inventorcloud.net/invent3d-overview/, Aniwaa.com/product/3d-printers/Stratasys-dimension-
1200ES/, Shopbottools.com/products/alpha, and support.Bantamtools.com/hc/en-
us/articles/115001668853-othermill-v2- 
3. USS Makin Island (LHD-8), San Diego, California 
Note: All data derived from Leader 3 (personal communication, October 4, 2019) 
unless otherwise noted. 
• Number of TDPs cleared for use in the green bin: 
Currently there are eight in the green bin. More are continuing to be added 
weekly. 
In email communication with Leader 3 (LHD-8) (October 10, 2019), he provided 
data showing a listing of eight items that have been created for usage onboard LHD-8 and 
can now be shared with other ships around the fleet needing the same component. The list 
is proof of what the AM shop has designed and 3-D printed in only three short months’ 
time of having AM/3-D printing capabilities onboard LHD-8. The data is presented in an 
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excel format and also tracked all the data listed in Table 8. The Table identifies each tracked 
category (highlighted in blue) and provides an explanation of the corresponding category 
in the column next to each category.  
Table 8. LHD-8 AM Component Listing Categories Resource. Source: 
Leader 3, email to author (October 10, 2019). 
 
 
Based on the data provided from Leader 3, potential cost savings were subsequently 
calculated and presented in Table 9. In calculating the potential savings each item holds, 
the value of $22.50 is selected as the average cost per kilogram of material used while 
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printing. The $22.50 average is based on a cost range per spool of $20 - $25 (Leader 3, 
email to author, October 10, 2019) that is determined by the software used for the 3-D 
printer. 
Table 9. Potential Cost Savings From LHD-8 3-D Printing. Source: Leader 
3, email to author (October 10, 2019). 
 
 
Since the weight in grams of each component is known, the weight is converted to 
kilograms (divided by 1000), then multiplied by the average cost per gram ($22.50) to 
determine the cost per component produced by AM. 
 Grams (g) ÷ 1000 = Kilograms (kg) (1) 
 Kilograms (kg) * Average Cost = Cost per AM Component ($) (2) 
The component cost per each line item in the table is then multiplied by the number 
manufactured to determine a total cost of AM components produced. 
 Cost per AM Component ($) * Quantity of AM Components Produced = Total Line Item Cost (3) 
Per the notes column (bottom row of Table 9), the cost of the part via traditional 
procurement channels is used to subtract the cost per AM/3-D printed component as 
previously described, which results in the potential overall savings per each component 
when using AM/3-D printing. One could then multiply the potential cost savings per 
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component by the quantity of components produced using AM to determine the overall 
aggregate potential of cost savings. 
• List of printers currently utilized onboard LHD-8 (Table 10): 
Table 10. LHD-8 Printers Onboard 2019 
 
 
• Number of TDPs cleared for use in the yellow bin: none 
• Number of TDPs in the red bin: none 
• Cost of Stratasys uPrint, 3-D Printer: $10,000 – $50,000 Source: Aniwaa 
(n.d.) 
• Cost of the LuzBot Taz 6, 3-D Printer:$2,500 Source: LulzBot (2016) 
• Cost of the LuzBot Mini, 3-D Printer: $1,500 Source: LulzBot (2016) 
4. 1st Marine Expeditionary Force AM Training Center, Camp 
Pendleton, California.  
Note: All data derived from various AMTC staff (personal communication, 
October 3, 2019) unless otherwise noted. 
• Number of students trained per basic class?  
8-10, class is taught twice a month. Two levels of the class are taught—
Basic and Intermediate. 




• Class length for intermediate course? 
5 days 
• Number of students trained per intermediate class? 
5-6 per class (total trained thus far is 26 students) 
• Number of TDPs cleared for use in the green bin:  
no data available 
• Number of TDPs cleared for use in the yellow bin:  
no data available 
• Number of in the red bin:  
no data available 
• Approximate quantity of spools used in training one basic class? 
4.5 - 5 spools of PLA over 10 students being trained. 
• Approximate quantity of spools used in training one intermediate 
class? 
4.5 spools of PLA over 6 - 8 students being trained. 
• Table 11 is a list of 1st MEF 3-D printers currently in the inventory 
at their AMTC: 
Table 11. 1st MEF AMTC 3-D Printers 
 
Adapted from LulzBot.com/store/printers/lulzbot-taz-6, Markforged.com/mark-two 
 
C. STORAGE AVAILABILITY FOR RAW MATERIALS AROUND THE 
FLEET 
Storage is another hidden ROI factor that is a large consideration for adoption of 
AM in the naval domain. Although difficult to obtain data on within the time restraints of 
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this thesis, the ability to free-up storage space onboard ships, submarines, aviation 
squadrons, medical facilities, and expeditionary units of the Navy and Marine Corps is 
something that is certain to naturally occur. Many of the entities previously listed carry 
excess components that take up precious space that could be used for other needs such as 
personnel workspace and additional 3-D printers. One spool of material for a 3-D printer 
weighs approximately 1kg (2.2 lbs) and has a diameter of approximately the size of an 
adult male’s hand fully open (about nine inches in diameter). Depending on size, density, 
and complexity of the items produced by 3-D printing, each spool has the ability of saving 
precious space. For example, one spool of 3-D printing material such as plastics, occupies 
only nine inches of space. An example of space utilized that may have been saved using 
AM/3-D printing can be seen in the DODIG 2016–011 report which investigated the Navy 
for improvement of parts management for parts required onboard ships. This report 
specifically investigated the parts for the Navy’s SPY-1 radar system. The report 
concluded: 
1. 250-374 parts determined to be critical were not used at all. 
2. 32 of 124 parts were acquired in excess of stock level needed. 
3. 26 of 124 parts had quantities that were below the authorized levels. 
4. Poor forecasting was utilized to determine the type and quantities needed. 
5. Navy purchased $71.8 million in parts not needed, of which $36.5 million 
had potential to be removed from U.S. naval destroyers and could have 
utilized space more effectively. 
D. THE LEARNING CURVE THEORY 
1. Introduction and History of the Learning Curve Theory 
In order to understand better the ROI of AM, one must first consider the concept of 
the Learning Curve theory. The Learning Curve theory dates back to circa 1936, where T. 
P. Wright when considering production in a manufacturing setting, found that as the 
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“cumulative quantity of units doubled, the cumulative average cost decreased at a constant 
rate.” (Honious, Johnson, & Elshaw, 2016). 
The Learning Curve concept was first put into action for proof of usefulness during 
World War II to help the government contractors be able to predict the labor hours and the 
cost requirements that go in to aircraft and ship construction (Honious et al., 2016). The 
concept was successful in helping the government, so not long after the private sector 
adopted the Learning Curve concept (p. 471) and is now widely accepted and used 
throughout many industries still today. 
2. Definition of the Learning Curve 
The Learning curve idea is defined as “… a constant percentage reduction of the 
required touch labor hours (or costs) to produce an individual unit as the quantity doubles.” 
(Honious et al., 2016) Simply put, the more time involved in performing a task, the more 
learning being done which over time reduces hours and costs of the overall project.  
The learning curve formula designed by Wright is (Honious et al., 2016): 
Y= [aX] ^b 
where 
Y= the estimated production hours (costs) 
a= the production hours of the theoretical first unit 
X= the unit produced 
b=is a factor of the learning = log R (learning rate)/log2 
Figure 14 depicts what a learning curve looks like and how time and performance 
are related when learning to mater a new process or technology. The steep progression 
curve (blue) depicts what an accelerated learner curve may look like where the learner 
rapidly makes progress in a short amount of time then plateaus after little learning remains. 
Similarly, the shallow (red dotted) curve depicts the progress of a below-average learner 
or a learner that does not possess the correct basic knowledge of the process they are 
learning (Valamis, 2019).  
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Figure 14. Learning Curve. Source: Valamis (2019). 
The differences in the two curves relate closely with the decentralized AM/3-D 
printing syllabus education being taught throughout the DoN today. If the AM/3-D printing 
training is centralized and coordinated DoN wide, perhaps the education taught to sailors 
and marines will be maximized from a syllabus created from all AM/3-D printing experts 
in the DoN. If all experts create one syllabus together, the education around the fleet is 
maximized. 
AM will realize the same reductions in cost and labor hours over time once the 
learning curve concept is applied the ROI model in Chapter V. For example, if the cost of 
a component costs $1.50 to 3-D print, the initial cost of the component for the first few 
produced using AM/3-D printing may cost $5.50 per component. Over time, as the AM lab 
end-user learns to use the software and 3-D printers for the production of the components 
they will then become more efficient and have reduced waste of materials and labor hours. 
Eventually, the cost to produce a single component will fall to $1.50. 
52 
E. ADDITIVE MANUFACTURING PROCESS CYCLE TIMES FOR MOST 
USEFUL MCC AROUND FLEET 
1. List of Approved AM Parts/Items from Navy AM Working Group 
In 2018, the NAM EXCOMM created a group to infiltrate the fleet and seek 
potential components, parts, tools, redesigns, and improvements to existing components 
and formulate a list. The list would then be documented and added to the AM part library. 
The group conducted their research under the exercise name of naval AM parts 
identification exercise (NAM PIE). The group reached engineers and technical 
representatives from NAVSEA, NAVAIR, naval undersea warfare center (NUWC), and 
the naval surface warfare center (NSWC) (NAM EXCOMM, PowerPoint slides, Jan 17, 
2019). The NAM PIE group reported a finding of 270 components from various San Diego 
naval units and 330 components from various Norfolk naval units. Combined, they found 
a total of 500 potential components for AM/3-D printing. NAM PIE then produced a pie 
chart showing a majority (29%) of the potential items identified for AM usage are tools, 
followed by a tie (16%) of parts for usage as plugs/caps/covers, holders, retainers or clips 
(NAM EXCOMM, PowerPoint slides, Jan 17, 2019). 
F. SUMMARY  
Data obtained by fleet visits provided some qualitative data in training numbers for 
the AMTC on both the east and the west coast (MARMC and SWRMC, respectively). The 
research also obtained data for each training facility, such as the number of students per 
class, frequency of classes, 3-D printers currently utilized, and the quantity of material used 
per class. MARMC and SWRMC are not only training fleet personnel to operate 3-D 
printers and software but are also developing useful components and tools that are 
improving U.S. Navy and Marine Corps assets in longevity and readiness. The quantity of 
these items developed by fleet engineers and technical representatives are being cataloged 
by NAM PIE, and distributed fleetwide. The goal of the fleetwide distribution is to foster 
adoption of AM throughout the DoN and in turn, will show the ROI for AM. 
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IV. CASE STUDIES 
A. SWRMC, SAN DIEGO, CA 
One of three mobile AM labs delivered to naval regional maintenance centers, this 
mobile AM lab was delivered to SWRMC in 2017 per the Implementation Plan (2017) and 
performed various tasks. These tasks consist of training local fleet sailors in basic AM 
skills, assisting local fleet ships with the procurement of components, tools, technical AM 
advice, complex designs, advertising AM around the fleet, innovating improvements to 
existing components, and reverse-engineer the obsolete components. Since NAVSEA 
oversees the AM process, an instruction titled “Guidance on the Use of Additive 
Manufacturing” was published by NAVSEA in August 2018 for all units that fall under the 
NAVSEA umbrella of control. The instruction defines the policy, guidance, and direction 
on how AM is to be utilized for all NAVSEA units (p. 2). 
Training is one of the primary missions of the SWRMC mobile AM lab unit. Leader 
1 currently heads the educational aspects of the teaching output and is the fleet subject 
matter expert (SME) for the San Diego fleet AOR. Leader 1 performs many other jobs 
within SWRMC and, therefore, cannot fully devote all of his time to AM/3-D printing. 
AM/3-D printing is, however, his passion, and he is known to work overtime to ensure the 
success of AM and the units supported in the San Diego AOR. 
Leader 1 developed the AM training curriculum by himself with the help of his 
assist (SWRMC AM lab technical engineer). Together, they developed a two-day course 
that covers basic usage of SolidWorks CAD software, Cura slicer software and using the 
3-D printers on hand. The students’ final project at the conclusion of day two is to 3-D 
print an item of their choice. The idea is that if the student can print an object of choice, 
they can print something they are excited about and may learn more. Since students come 
to class with varying ideas of objects to print, there are inherently different difficulty levels 
in printing the objects. The various levels of difficulty allow Leader 1 to expound on basic 
ideas and further the students’ knowledge of AM (Leader 1, personal communication, 
August 16, 2019). For example, a student wanted to print a replacement for a vehicle stick 
54 
shift handle. Leader 1 mentored the student through the process, where they utilized the 
component to be replaced by reverse-engineering the part. Once the dimensions of the part 
were observed for the fit and form, Leader 1 helped the student understand different aspects 
of improvements to placement over the original part that AM/3-D printing has the ability 
to do. One way is by increasing the strength of the shell interior by increasing the 
honeycomb structure that adds wall strength to the shifter cap. Additionally, they added 
guide channels to the interior neck of the knob to guide the shift knob directly into the 
groves on the shifter stem for easy placement. Additionally, they added skull and 
crossbones to the top of knob for aesthetic looks (Leader 1, personal communication, 
August 16, 2019). From the classes Leader 1 instructed in basic AM/3-D printing, 
SolidWorks and Cura slicer software seems to be the easiest 3-D printing software for the 
novice student to use and understand (Leader 1, personal communication, August 16, 
2019). 
There is no formal training course for the instructors of the SWRMC training 
course. Leader 1 and his assistant are self-taught in AM/3-D printing and using the CAD 
software after reading the SolidWorks and Cura software manuals and trial and error 
(Leader 1, personal communication, August 16, 2019). 
The SWRMC mobile lab has been towed up and down the pier onboard Naval 
Station San Diego to gather students interested in AM/3-D printing and to bring awareness 
of AM/3-D printing possibilities and limitations. The three-axle trailer is equipped with a 
ventilation system and air conditioning, but combating the effects of local San Diego 
coastline humidity on the spools of material has been a challenge. The mobile lab must 
maintain certain humidity levels and temperature in order to maximize 3-D printing 
performance. Leader 1 discovered that by placing the spools of plastic material in an 
inexpensive airtight plastic container (an airtight cereal containers that can be seen on the 
shelf in Figure 15) and keeping the mobile lab at 80% or less humidity, helps the 3-D 
printers print objects with little to no defects (Leader 1, personal communication, August 
16, 2019). Leader 1 and his assistant also noticed the humidity could cause early melting 
points of the plastic material when being extruded during printing and cause failure to print 
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due to the globing of the melted material. Without keeping the humidity at 80% or less, 
there will be a greater risk of wasted material. 
 
Figure 15. SWRMC Mobile Lab (interior) Classroom 
SWRMC mobile lab continues to provide support for the San Diego fleet with their 
technical expertise. Leader 1 and his assistant have such an experience level that they have 
mastered the art of creation and reverse engineering, alike. Figure 16 shows the “5 in 1” 
tool created by Leader 1 that was requested by an enlisted fleet operator to make the work 
more efficient when conducting maintenance on ship radio antennas which typically have 
the maintenance personnel climb-up a ladder to do their work with limited workspace 
available (Leader 1, personal communication, August 16, 2019). 
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Figure 16. SWRMC Designed 5 in 1 Tool 
Other items developed by the SWRMC AM community are improvements to 
existing assets. These assets may otherwise have a short lifespan due to poor design or 
placement onboard ships that allow for water corrosion or are located in spots that can 
easily break. Many times, these parts just break from sun damage and variation in 
temperature variations causing such parts to become brittle and crack over time. Once 
identified, SWRMC AM mobile lab, in collaboration with ships personnel (some AM 
trained by Leader One), will design a component that will strengthen existing assets and 
thereby increase the longevity of that asset. For example, in Figure 17, SWRMC designed 
a fuse cover for USS Makin Island (LHD-8) that protected the fuses in the blower assembly 
that are poorly placed close to the deck where sailors often kick it, breaking the fuse 
protector or damaging the entire blower assembly. SWRMC, in combination with AM 
trained personnel onboard LHD-8, designed a replacement for the blower protection panel 
and improved the overall design to prevent damage to the actual fuses by creating a 
protection cover that is easily installed. 
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Figure 17. SWRMC Fuse Cover ROI. Source: Cesar Molina, PowerPoint 
slides (25 August 2019). 
Without the fuse cover or the protection plate installed, damage of the fuses or box 
could have a replacement cost of $14,867 (CY19$), replacement cost ROI of $40.63 (CY19$) 
to replace the fuse holder and $4.37 (CY19$) to replace each fuse. The ROI for using AM has 
a worst-case scenario savings of $14,867 over an estimated 38 blower assemblies. If all 38 
assemblies become destroyed the total savings would be $564,946 ($14,867 multiplied by 38 
assemblies equals $564,946) minus the cost to 3-D print the component. Best case scenario 
may consist of having to replace one fuse per assembly would have an ROI is $166.06 ($4.37 
multiplied by 38 assemblies equals $166.06). The ROI could be even more significant 
considering these assemblies are also found on CVNs, CGs, DDGs, Flight IIA Destroyers, 
LPDs, and TAKES. 
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B. MARMC, NORFOLK, VA 
Per the lab lead, Leader 2, this AM facility is known as the “Technology and 
Innovation lab,” code 205C and not the “Fab lab,” code 205C since the name Fab lab gained 
a negative connotation from using AM/3-D printing for trinkets and not anything is seen as 
useful to the Fleet. The lab has been in business for five years, but only three years with the 
number of 3-D printers and workforce as they are operating with today. The lab supports the 
Fleet in education through classroom training, design of new and existing components/parts, 
3-D scanning, laser engraving of plastics and wood, machining (wood, soft metal, plastics, 
and circuit cards) from two CEC machines, and component improvements. The Technology 
Innovation lab is a small room that is approximately 45 feet long by 20 feet wide space that is 
located within the NAVSUP building. The room is the only space allotted to Leader 2 and his 
crew. The lab is part of the engineering department and not assigned to the intermediate 
maintenance activity (IMA), which is considered a production department. Since the lab is 
part of engineering and not IMA, the funding resources are assigned differently and are not 
as readily available to the AM shop as it would be if the AM shop fell under the IMA. For 
example, since there are not as many resources available to purchase AM materials, Leader 2 
uses scrap materials found around the facility such as metal, plastic, and rubber. Some 
materials are used for 3-D production, while others are converted to support the AM/3-D 
printing processes around the shop. For example, a scrap piece of rubber was converted into 
a pad to reduce vibrations from a 3-D printer. 
Leader 2 has a handful of different jobs around the facility that he is assigned to, 
however, he is the AM/3-D printing shop manager and the AM shop is his main job. Leader 
2 has one project engineer who is not part of the command’s budget, but is covered in the 
overhead costs of the overall facility since the engineer is a contractor. Leader 2 is a GS 
employee and is therefore fully funded for his job.  
On average, the shop has 60–75 AM/3-D printing job order requests sitting in the 
queue. There is a bottleneck in the processing of each job affecting the throughput of work 
orders. There are design person-hours and printing time involved in each request; therefore, 
workforce and printing are the main sources of the bottleneck. Since Leader 2 is the shop’s 
resident expert in AM design and printing, eventually the shop is going to need him to be able 
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to invest one hundred percent of his duties to the AM shop to help meet the demand in order 
to maximize the ROI of AM/3-D printing assets. The other alternative is the shop will need 
more personnel and printing capabilities to meet the demand. The AM lab has outgrown its 
assigned space since the shop is seeing a significant increase in job requests for 3-D printing 
and assistance in AM production from around the Atlantic AOR. Thus, to maximize the ROI 
of the MARMC AM shop, the shop will need to be able to meet the demand on time. 
The lab is currently assisted by three to eight sailors that are limited duty (LIMDU) 
for various reasons ranging from pregnancy to injury. These LIMDU sailors are only available 
for a period of time ranging from 3 - 12 months and are fairly easy to obtain if requested by 
the shop manager. Since the LIMDU sailors are only temporary, they are taught basic level 
AM skills and assigned basic level tasks where they assist the AM shop in 3-D printing, 3-D 
modeling, and 3-D engraving/cutting which are all based on experience levels and the sailor’s 
abilities. 
The lab space not only houses the workers, but also houses multiple 3-D printers, 
classroom desktop computers for up to six students, and three work desks—one for Leaders 
two, one for the engineer, and a two-station large desk for the assigned LIMDU sailors. Up to 
six students can take a one day course designed by Leader 2, the engineer (Leader 2 (a)), a 
mechanical engineer, and an electrical engineer with a master’s degree. The syllabus teaches 
the use of SolidWorks design software and Cura slicer software. Once the student is taught to 
use the software, they are required to print something in class of their choice for training 
purposes. The students and any other interested individual are welcomed to come back and 
use the printers and software in the future. Currently, only a one level course curriculum is 
being taught at MARMC. 
Assigned to this lab are various 3-D printers. Some of these printers were gifted to the 
lab and some were purchased. For example, the UltiMaker2 and the AST2 Invent were 
initiatives for AM research and development by the Defense Advanced Research Projects 
Agency (DARPA) and subsequently gifted to the MARMC AM lab. The Stratasys (metal 
printing), Form 2 (stereolithography technology), and the LulzBot TAZ 6 (fused deposition 
technology using plastics) were purchased with local resources. It is unknown as to which 
printer, however one of the previously mentioned 3-D printers were purchased by the 
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NAVSEA 05T group. To aid in future growth and capabilities, Leader 2 was able to secure 
funding in the FY20 appropriation for a $2 million large scale metal AM printer via the capital 
program innovation (CPI). In order to obtain funding from the CPI, Leader 2 conducted a cost 
benefit analysis (CBA) showing the ROI this metal AM printer will provide over a three-year 
period, proving the investment will pay for itself in that time. 
The lab is currently gaining business by word of mouth and walk-ins. Leader 2 has 
feverishly attempted to advertise the great discoveries, possibilities, and available classes of 
the technology and innovation lab, however once the article is submitted to the Public Affairs 
Office most are not getting published and pushed-out to the fleet.  
Some examples of the innovation and ROI directly affected by the MARMC AM lab 
is the development of a soft plastic latch mechanism to replace a hard aluminum anodized 
handle that was wearing down the aluminum cabinet door it was attached to, thereby saving 
the door in its entirety. Without the plastic 3-D printed handle, the entire cabinet door would 
need to be replaced. Another example of ROI from the MARMC lab is a $30,000 savings in 
one week to the Navy by 3-D printing 105 T-bones that took 1.5 hours of 3-D printing time 
to cut. All 105 T-bones only cost $7 for the cost of the metal sheet to print from. T-bones are 
metal objects shaped like a bone that are used to retain cables from in a slot or trough to 
prevent damage to the cable. 
This AM lab is currently sharing files on the JTDI network but is working on 
branching out to their own 3-D file sharing exchange software designed for NAVSEA 
exchange only. The idea is that the current combined JTDI exchange is too slow and not very 
user-friendly. The new prospective exchange would be similar to the JTDI exchange already 
established. One issue with obtaining a file exchange server for only one domain is that it 
limits the sharing of AM files across the naval enterprise and therefore limits the progression 
and advancement of AM overall. The advancement of AM could be accelerated by the use of 
a one-source exchange server across the DoN. For AM units to have the ability to share AM 
files will foster the largest ROI. For example, when unit A finds an AM solution to part X, 
that part is tested and eventually approved for usage. Unit B can find the part in the exchange 
database, and 3-D print it saving the unit person-hours in the development of part X. Unit B 
can then use the saved manhours more efficiently for readiness. 
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C. USS MAKIN ISLAND (LHD-8), SAN DIEGO, CA 
The USS Makin Island (LHD-8) is a case analysis of an operational ship usage of AM. 
The amphibious assault ship, LHD-8 is one of the eight platforms designated by NAM 
EXCOMM to receive as an initial platform to gauge abilities and performance. Currently, 
LHD-8 has only had AM/3-D printing capability onboard the ship since July 2019 and thus 
far has made steady progress with them. An example of a few tools and components 
developed by sailors onboard LHD-8 can be seen in Figure 18; the figure represents a quad 
chart produced by SWRMC showing a tire inflator kit tool to prevent metal to metal contact 
damage of the tire inflator after the original part failed and sailors were forced to use needle 
nose pliers (Cesar Molina, personal communication, 25 August 2019).  
 
Figure 18. LHD-8 AM Design of Tire Inflator Kit Tool. Source: Cesar 
Molina, PowerPoint slides (25 August 2019). 
Figure 19, quad chart depicts a RF line tool designed by Aviation Electronics 
Technician Petty Officer Second Class Leader 3, a sailor and AM shop supervisor onboard 
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LHD-8, specifically designed to reduce damage to wires and during the pre-operational 
inspections for cracks and breaks. No tool is specifically designed for this inspection; 
however, local commercial tools were being used for the inspection and had serious 
potential to cause severe damage to the wires. The RF tool is a plastic tool with exact 
dimensions to fit between the wires without the potential for damaging them, potentially 
save hundreds of thousands of dollars if not millions to replace, not including the copious 
amount of labor hours needed to replace or repair the damaged wires (Cesar Molina, 
personal communication, 25 August 2019). The RF tool increases readiness ability and 
inherently provides an added value for ROI. 
 
Figure 19. RF Line Tool by AT2 Trout (LHD-8). Source: Cesar Molina, 
PowerPoint slides (25 August 2019). 
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The last example (Figure 20) is a design by sailors on LHD-8 that is a component 
that is reverse engineered and 3-D printed to replace an original knob that is not of a 
superior quality, gets brittle, and subsequently is breaking thereby rendering the interface 
inoperable without using pliers. This knob is a perfect example of a component that is not 
available in the supply system and therefore is an ideal candidate for AM/3-D printing. 
Again, the ability to 3-D print the knob is increasing readiness and showing a high value 
of ROI for AM. The 3-D printed knob negates the repurchase of an entire interface, saving 
$26,000 (CY19$) (Cesar Molina, personal communication, 25 August 2019). 
 
Figure 20. LHD-8 3-D Printed Antenna Interface Knob. Source: Cesar 
Molina, PowerPoint slides (25 August 2019). 
Leader 3 received AM training by taking Leader 1’s SWRMC AM training center 
(AMTC) onboard Naval Station San Diego. Within only a short period of time of having 
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AM/3-D printing capabilities on the ship, Leader 3 is developing on average 2–3 new green 
bin items per month. 
The LHD-8 AM shop is currently being utilized to 3-D print obsolete parts, parts 
that cannot be ordered without ordering the entire piece that part supports (which in many 
cases these parts are of a larger component and are often very costly), improvement of 
existing parts, and new items designed by the AM shop staff. 
The AM shop is assigned a small space barely large enough to fit three, 3-D printers 
- a Stratasys uPrint SE (x1), LulzBot Taz 6 (x2), LulzBot Mini (x1), and a small material 
storage cabinet and a small desk for the design computer. The Taz 6 is the printer of choice 
for this shop based on assigned printers mainly due to ease of use and material used. The 
onboard AM shop is assigned to the IMA and given a space correspondingly. Leader 3 has 
one assistant to help in printing at this present time. Although Leader 3 is the AM shop 
lead, he is also assigned to the AT shop (department) where he has other duties and cannot 
focus 100% of his time to AM design and printing, therefore some items may have a longer 
lead time. For example, the ship needs to replace shower curtain clips for various Heads 
(restrooms/showers onboard a naval ship), but Leader 3 needs to have a couple of hours to 
be able to sit down and devote a couple of hours to reverse engineer the existing broken 
clip and design a quality clip to be used. During our research Leader 3 indicated a one week 
turn-around would be required for the shower curtain clips as he has other primary duties 
to attend to first. As AM continues to grow, there will need to be a small detail permanently 
assigned to the AM shop to keep-up with demand to be able to realize the full ROI for AM. 
The AM shop mainly uses the SolidWorks and Cura slicer software to develop 3-
D printing files from the Taz 6 3-D printer, and the proprietary Catalyst EX 4.5 slicer 
software for the Stratasys Uprint, 3-D printer. The SolidWorks software seems to be the 
easiest software to use from our research and has the most acute relationships with other 
commercial off the shelf software common to home-use 3-D printers. During my research 
of AM onboard LHD-8, I spoke with two sailors directly that have personally owned 3-D 
printers at home and the home-use printers have software that directly relate and can easily 
transfer into a file for SolidWorks software. With similar situations one is surely to find 
around the fleet, one can see that sailors and marines are dabbling with AM/3-D printing 
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during off-duty hours and therefore advancing their knowledge of AM design, printing, 
and capabilities. These very same sailors and marines can have a direct effect on advancing 
AM within their units and throughout the DoN enterprise. 
ROI realized thus far with the new AM shop has improved dramatically since AT2 
Trout of the USS Makin Island made news headlines in an April 2019 Navy.mil article 
“Southwest Regional Maintenance Center Sailors Learn 3-D Printing Technology” which 
boosted support from LHD-8 leadership for AM/3-D printing onboard the ship. AT2 Trout 
gained notoriety when during this week-long class at SWRMC, he not only learned how to 
effectively use the 3-D printing software, but also designed and fit-tested a final gauge cap 
used to cover a pounds per square inch gauge for aviation fuel systems. AT2 Trout stated 
say about his feat, which indicates his drive for adoption of AM and ROI: 
The gauge cap is something simple and really easy to produce with the AM 
process, which is the perfect solution to produce the smallest things that 
make everyone’s life easier, while saving the Navy time and money,” said 
Trout. “Now, when a part breaks down, we will not have to spend thousands 
of dollars on new equipment to fix the problem. For about five dollars, we 
can just print the one small part that needs to be replaced. (SWRMC Public 
Affairs Office, 2019) 
AT2 Trout is laying the foundation for AM onboard LHD-8, as well as indirectly 
with other ships that will last for years to come. 
Figure 21 is a pressure gauge cap 3-D printed by Leader 3’s AM shop. One view 
of the cap is from the top and the other view displays the hollow cylinder shape and the 
added tab with a small hole to allow a safety wire to attach to the cap to prevent foreign 
object debris and to ensure system integrity. One casual factor of the current caps failing 
is due to sensitivity in temperature expansions causing the caps to crack and break. Another 
contributing factor is poor design of the OEM gauge caps that are too snug when sitting 
over the pressure gauge, further exacerbating the failure. Exposed gauges reduce the shelf 
life of the aviation fuel systems monitoring devices due to costly replacements without the 
gauge caps which then reduces readiness of equipment. A key aspect to this cap is that 
Leader 3 was able to identify the OEM cap fitting too tight and with a simple adjustment 
of increasing the cap diameter, an improved gauge cap resulted. The simple and 
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inexpensive 3-D printing of the cap ensures parts can be designed and printed quickly 
removing the need to find the part in the supply system and wait for delivery. 
  
Figure 21. LHD-8 AM Aviation Fuel Systems Gauge Cap 
As the AM shop lead, Leader 3 has access to the JTDI, 3-D file exchange. My 
research of units using JTDI found that the JTDI exchange is functionally disorganized in 
organizing files and not easy to find files of a particular type. The other common concern 
is the ability to use JTDI while underway or in the case of the Marines, in an area with 
limited connectivity to the internet. 
Although not releasable as of the time of this research thesis conclusion, the naval 
surface warfare center conducted testing of the 3-D printers that are currently onboard 
LHD-8 (see Table 10 from Chapter III). Exact parameters of the underway testing 
performed are not precisely clear, however the quality of testing for the printers were taken 
and are being analyzed. Once the data is released, it may provide additional support in 
favor of adoption and ROI. If not favorable, there may be some information from each 3-
D printer’s test data that may allow decision makers to make adjustments in 3-D printer 
types best suited for underway usage, supporting tools that need to be developed and 
installed for further support of stabilized printing, or define certain printing parameters that 
will support underway printing of quality AM components. 
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D. 1ST MARINE EXPEDITIONARY FORCE AM TRAINING CENTER, 
CAMP PENDLETON, CA 
The Maines at Camp Pendleton, California AMTC and the expeditionary 
manufacturing group (known as “EXMAN”) are assigned to the 1st Marine Expeditionary 
Force. Both the EXMAN and the AMTC perform work at the intermediate-level 
maintenance and are housed in the confines of the electronic maintenance company 
(ELMACO) building. 
The AMTC consists of a classroom and a 3-D printer center attached to the digital 
manufacturing EXMAN work center. The AMTC portion consists of a civilian government 
employee who makes sure the AMTC is funded and runs smoothly, a senior enlisted 
director, and six instructors to teach the AM class. The AM class runs twice a month and 
has two levels of training—basic and intermediate. 
The classroom is great for a learning environment, complete with large desks, 
individual desktop computers, and a project for instruction. Figure 22 shows the classroom 
set-up. 
 
Figure 22. 1st MEF AMTC Classroom 
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Following classroom training on SolidWorks and Cura software usage, students are 
assigned a LulzBot Taz 6, 3-D printer (see Figure 23) to print an object that can be inserted 
into another object with exact fit dimensions for a lesson in form and fit. The form and fit 
are the first 3-D printing skill for the AMTC students to master. 
 
Figure 23. 1st MEF AMTC Classroom 3-D Printers 
Next, the students must create an object that can complement another object by 
fitting over the other object. These objects can be seen in Figure 24 alongside the 
intermediate course 3-D print objects. The intermediate course teaches students more in-
depth software design and skills where each student must ultimately 3-D print a magazine 
fitted to an M-16 rifle and the magazine must be designed with such perfection that it can 
hold at least one round of 5.56 mm bullet that can then be loaded into the M-16 rifle. 
Objects on the left-hand side of the display table in Figure 24 are objects for the basic 
course. Objects in the middle section of the display table are the intermediate objects 
printed by a typical student. 
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Figure 24. AMTC 3-D Class Objects for Basic and Intermediate Level 
Training 
Within the classroom 3-D printing lab are typical troubleshooting problems that 
students may encounter while learning. One can see the aggregate of these trouble shooting 
guidance papers in Figure 23. Figure 25 are examples of a couple of these troubleshooting 
guides for the student to refer to if need be. 
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Figure 25. AMTC Troubleshooting Guides 1st MEF 
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Having these troubleshooting guides for students can be highly effective for 
learning, efficiency, and future ROI. The troubleshooting guides allow students the ability 
to not only quickly resolve any problems they are facing, but allow the students to explore 
other issues they may encounter. The students are also able to take pictures of these guides 
for future reference. With the guides, fleet/unit 3-D printers will be utilized more efficiently 
and will, in turn, reduce potential long periods of troubleshooting time that will bottleneck 
production. Instead, an increased throughput time of production will be realized, which 
will have impacts on readiness and ROI, alike. 
The EXMAN in the digital manufacturing shop is currently being led by a chief 
warrant officer 2 (CWO2) and has between three to six active-duty personnel assigned to 
the unit. Each of the CWO2s personnel is active-duty marines that are hand-picked by the 
shop lead (CWO2). Each individual is chosen due to their technical acumen and skills 
related to fabrication design. The shop has two large metal 3-D printers (Figure 26) and 
two on-site mobile AM labs (see Figure 27). Figure 27 depicts one of two mobile AM lab 
units (second AM lab unit not pictured) operated by the EXMAN of the 1st MEF. Both labs 
are self-sufficient with power and ventilation for machine maximization. Being self-
sufficient and in theatre (the area where conflict is taking place) will provide for enhanced 
readiness of reproducing needed components in a much quicker fashion than using 
traditional procurement methods.  
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Figure 26. 1st MEF Digital Manufacturing EXMAN Lab 
 
Figure 27. 1st MEF Expeditionary Mobile Lab Unit 
The printers on-hand were obtained partially through a hand-me-down from various 
Marine units that open-purchased but did not get the expected ROI out of them, therefore 
the units gifted the 3-D printer to the AMTC. The other AMTC 3-D printers on hand were 
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procured by the 1st MEF as an open purchase. The AMTC staff noted they do have support 
when needed at the MEF level. Materials and software licensing are handled in house and 
paid for out of the unit funds.  
Presently, the AMTC staff is not being asked for help by trainees that are utilizing 
their skills learned at AMTC for complex jobs. Some reasons the prior students are not 
asking for more assistance from the AMTC is that either (1) the students are trained well 
enough so that the skills needed for the AM jobs they are faced with are handled without 
further assistance, (2) the students are not using the skills acquired at AMTC, or (3) the 
students are trained well enough to handle most any AM problem. The answer to the 
possible reasons is presently unknown to the AMTC staff. The hope is to have a network 
similar to the JTDI exchange, but efficient enough to be utilized by all trained AMTC 
students for ease of AM material. The AMTC and digital manufacturing lab currently have 
access to the JTDI file exchange network, but like other units, find that the server is not 
easy to navigate through and is time-consuming to parse in order to find a particular file. 
E. SUMMARY 
The research timeframe allowed for visits to various entities throughout the naval 
domain. The research business cases conducted for this thesis covered SWRMC, MARMC, 
1st MEF AMTC and EXMAN, and the USS Makin Island (LHD-8). One of the key pieces 
to the puzzle of complete adoption of AM in the DoN and a subsequent ROI, is that of 
training personnel in the basic and intermediate levels of AM/3-D printing. Not only is 
design and 3-D printing important, but also providing support to the fleet to include 
previous AMTC class students is imperative to foster the growth of AM. 
Each visit of AM training centers (SWRMC, MARMC, and 1st MEF AMTC) 
resulted in three functionally different methods of training. Training at one center is a one-
day course, while training at another is a five-day course. One center offers only basic level 
training, while another offers basic and intermediate level training. One center is very open 
with sharing information to the public, while another lays claim to the Public Affairs Office 
(PAO) for release. One unit purchase’s all of their material, while another is subsidizing 
their material by using recycled material obtained from local scrap material locations on 
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base. All centers created their own training curriculum, where one center used one person’s 
expertise for the design, while another used three to four individuals with different 
expertise and education backgrounds to construct a curriculum. 
One obstacle impeding the complete adoption of AM throughout the DoN will be 
the non-uniformity of training throughout the Navy and Marine Corps. Without uniformity 
of training we cannot hold a standard level of knowledge. When there is no standard level 
of knowledge, one unit cannot rely on the knowledge of incoming personnel or even be 
certain their current personnel hold the requisite level of knowledge to fully utilize AM/3-
D printing. As a result, trust in AM/3-D printing will fade and so may adoption from the 
lack of support. Obviously, the result from this would be a reduction in ROI. The NAM 
EXCOMM should designate a group of individuals to oversee the design and structure of 
a Navy (and potentially Marine Corps) wide curriculum and syllabus to be taught 
throughout the DoN. As technology changes and more discoveries and abilities within AM 
develop, so can the curriculum to ensure the DoN remains on the cutting-edge of the most 
current technology. 
Visitations to the various units surfaced another potential obstacle for complete 
adoption, and that is not having a reliable one-source method to share the discovered tools 
and various other AM designs with other units. The current JTDI file exchange is a good 
start but needs some large-scale modifications to be more user-friendly when it comes to 
sorting TDPs. Another concern around the fleet from AM engineers and technicians is the 
usefulness of the file exchange (JTDI) while on deployment or on the battlefield with 
limited or unreliable internet service. This problem will need to be resolved by software 
engineers via input from the AM engineers, technicians, and fleet users. The inability to 
share TDPs between units will ultimately cost the Navy/Marine Corps in person-hours for 




V. RETURN ON INVESTMENT MODEL 
A. ADDITIVE MANUFACTURING RETURN ON INVESTMENT MODEL 
DEVELOPMENT 
1. The AM Model 
Figure 28 is the process for DoN leadership actors to follow when making the 
decision to use AM/3-D printing versus traditional procurement methods. Before the 
process is started, the user must first recognize that a problem exists and a procurement 
solution is desired. 
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Figure 28. ROI Framework Model 
Once a need is observed for a component replacement or rework the process will 
begin. Sequence (1) starts with the ability to identify the problem from which a need is 
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observed. One needs to decide that the component is in need of procurement. At this point, 
the actor does not know whether AM will or will not be the desired solution of 
procurement. In Sequence (2) when making the decision to use AM or to use traditional 
procurement methods, the actor needs to review and consider certain option criteria. In 
order for the component to fall into AM procurement, the actor must consider certain 
criteria listed in Table 12. 
Table 12. Procurement Criteria 
 
 
Similarly, the actor must also consider the criteria for traditional procurement (see 
Table 12). Once the criteria options are analyzed and a decision is made as to where the 
component falls, then the actor can move to Sequence (3). The author wishes to note that 
since the lists of criteria are not all inclusive, future policy can dictate adjustments of the 
criteria as needed. 
Once Sequence (3) is determined the actor then knows they will use AM or 
traditional procurement. If based on the criteria, traditional procurement is decided, then 
the AM process is concluded and the actor is finished with the model. However, if AM is 
determined to be the procurement choice, then the actor will have another decision point 
determine for Sequence (4). The determination is what color bin the component may fall 
into. If the component is subsequently determined to be a red bin item (not procurable with 
AM/3-D printing) then the actor will end the AM process. If the component is determined 
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to be a yellow bin component (needs testing or further refining and evaluation) then another 
decision is needed for Sequence (4a) after testing is completed. Moving to Sequence (5), 
if the testing is not successful the actor needs to make another decision as to whether the 
component can be re-engineered or not. If the component cannot be re-engineered then the 
AM process is ended. If, however, the component can in fact be re-engineered then it can 
be corrected and sent back to the testing decision point in Sequence (4a). If the testing of 
the component is successful (Sequence (5)), the component is designed and printed using 
AM. After successful design, one then moves to Sequence (6) where a TDP is created and 
finally in Sequence (7) the TDP is uploaded into the AM exchange server (currently JTDI). 
If in Sequence (4) the component is determined to be a green bin item (does not need testing 
and evaluation to 3-D print), the actor will use AM/3-D printing to print the component in 
Sequence (6), then create the TDP for the final finished product in Sequence (7) and finally 
upload the TDP into the AM exchange server database (currently JTDI) in Sequence (8). 
For example, consider the antenna interface knob (Figure 20) to see how this 
process might work. Observe the ROI flowchart depiction in Figure 31 where the example 
process flows along the green path.  
Personnel onboard the USS Makin Island (LHD-8) identified a need by observing 
a continuous problem with failing knobs. Sequence (1) of the model identifies the need for 
a new procurement where personnel find a problem. Personnel find the problem to be the 
original plastic antenna knob becomes brittle and tends to crack. 
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Figure 29. Example, AM ROI Framework Consideration 
In Sequence (2) the leadership actors would review the option criteria in order to 
determine whether to procure the knob using AM/3-D printing or to use traditional 
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procurement methods. In this case we move to Sequence (3) where the actors determined 
AM as the best route to save money and control the quality of the knobs to prevent cracking 
and breaking in the future. In Sequence (4) the actor must now decide which color bin the 
knob falls under. The knob will not cause a loss of life, destruction of government property, 
nor does it need further testing so the component falls under the green bin. Once in the 
green bin we now move to Sequence (6) where the knob is produced. After the final design 
of the knob, we move to Sequence (7) where a TDP is created and that TDP is then 
uploaded into the AM exchange server database (currently JTDI) in Sequence (8). 
B. BENEFITS OF ADDITIVE MANUFACTURING 
1. Social Return on Investment 
A Stanford Business school article defined SROI as where “socio-economic results 
are quantified together with traditional financial measures.” (Arillaga-Andreesseen & 
Hoyt, 2004) The SROI can also be further described as “SROI enables organizations to 
measure how much change is being created by tracking relevant social, environmental, and 
economic outcomes” (Sopact, 2019). The DoN can realize the benefits of the SROI with 
the use of AM in the realm of environmental health hazard improvements and the reduction 
of excess payments of taxpayer dollars. For example, using AM/3-D printed components 
in aircraft can have the effect of reduced weight, thereby reducing emissions. Additionally, 
the public will benefit from the weight reduction by reduced fuel emissions being emitted 
into the atmosphere. Reduced emissions also are environmentally friendly. Another SROI 
example is by using AM/3-D printing to significantly reduce procurement costs, which 
reduces the outlay of taxpayer dollars. In turn, a reduction in DoN outlay will help make 
the DoN good stewards of taxpayer dollars. 
2. Observable and Non-Observable Benefits 
Some factors of AM/3-D printing observed during this research includes benefits 
that are difficult to monetize and may be more aligned with the SROI concept. Then, there 
are benefits that can be monetized. The following are some of the non-observable/non-
monetized SROI type benefits of using AM/3-D printing: 
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• The expansion of knowledge 
• Networking of people 
• Long-term knowledge gain in AM/3-D printing of sailors and marines in 
post military careers 
• Operational readiness 
• Mental benefits: Leadership cognizant of having personnel with 
specialized AM/3-D printing skills that can print when called upon 
• Feeling of freedom from self-reliance versus relying on others to procure 
components 
The following are observable/monetized benefits: 
• Savings from using AM/3-D printing over purchase of more expensive 
OEM parts 
• Improvement of existing components - reducing future procurement of 
components 
• Improvements to existing components that protect the parent component 
from the damage of more expensive replacement parts 
• Savings gained by using AM/3-D printing for obsolete components 
• Use of LIMDU personnel to assist AM/3-D printing work centers 
More information on observable and non-observable benefits on ROI can be seen 
in Amela Sadagic’s Naval Research Program FY19 project report “Metrics and 
Measurement in Additive Manufacturing Domain: Adoption and Return on Investment” 
(p. 15) 
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C. COSTS OF ADDITIVE MANUFACTURING 
1. Introduction to Costs 
One very important aspect to determining the ROI of AM/3-D printing revolves 
around costs. What does that product actually cost to reap the desired benefits? If the costs 
are too high and the benefits are too low, then the purchase may not be worth it. Contrarily, 
if the benefits outweigh the costs, the purchase may be worth it.  
Sunk costs are important to understand when considering costs versus benefits. 
Sunk costs are an outlay of resources that have been spent already and therefore 
management does not have the option of deciding whether to spend those resources or not. 
For example, after purchasing three AM/3-D printing machines for research and 
development, management cannot consider the purchasing costs of the three AM/3-D 
printing systems in future investment decisions since the money was already spent.  
More information on costs and ROI can be seen in Amela Sadagic’s Naval Research 
Program FY19 project report “Metrics and Measurement in Additive Manufacturing 
Domain: Adoption and Return on Investment” (p. 15). 
2. One-Time Costs 
The following are costs that are spent on the initial investment and later would be 
considered sunk costs: 
• Purchase of the AM mobile lab units 
• Power connection for the mobile units 
• Purchasing new 3-D printing machines or CNC machines 
• Mobile unit set-up for AM (vents, air conditions, dehumidifiers, 
generators, material storage containers, shelving) 
• Development of training modules 
• Purchase of classroom printers, computers, and other materials 
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• Mobile unit transportation costs to station of duty 
• Occasional costs of transporting the mobile AM units around the AOR 
• Asset depreciation (printers, computers, mobile lab units, etc.) 
• Contractor labor hours in technical engineering time for AM products 
• Production loss in labor from personnel attending AMTC instruction 
3. Re-Occurring Costs 
The following are costs that the DoN will need to continually pay in the AM 
domain. These are not considered sunk costs as are one-time costs and should be considered 
by management in the ROI calculations: 
• AM shop civilian leadership labor hours. Some are only able to devote 
70% of their time to AM within a 40-hour work week 
• materials consumption from students who attend the AMTC class 
• Job orders and processing costs from fleet units requesting AM assistance 
• Public works costs (electricity, power, insurance) 
D. MATHEMATICAL FORMULAS USED TO DESCRIBE 
RELATIONSHIPS OF COSTS, BENEFITS, AND TIME 
1. Multi-Additive Decision Making Concept  
DoD leadership actors may find the MADM concept very useful in calculating 
different AM procurement decisions. The Defense Acquisition University (DAU) 
developed this idea to give leaders more leeway when calculating the ROI. MADM 
requires a team of SMEs (from all stakeholders affected by the decision) to determine the 
weight percentage. The weight is multiplied by the normalized score for all considerations 
and finally the products are added together to form the total utility score (Oswalt et al., 
2011, p. 138). The DAU believes the weighted score must also be reviewed on a normal 
basis to ensure its legitimacy (p. 138). That process is illustrated in Figure 30. 
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Figure 30. MADM Calculation Process. Source: Oswalt et al. (2011, p. 137). 
Figure 30 depicts the process for leadership actors to place an input of a weighted 
percentage for ROI metrics and other metrics for each consideration (for example; 
Acquisition, Analysis, Planning, etc.). All determined weights are then multiplied by the 
metrics for each consideration and summed together for a total utility (Oswalt et al., 2011). 
It is important to note that this linear method of calculating the total utility allows 
leadership the flexibility by allowing them to assign different weights to different 
considerations as they so desire. Because of the flexibility designed into MADM the 
concept is fairly simplistic and can easily be executed. The simplicity allows the desired 
calculations to be explained easily. Lastly, MADM allows for object-ability and 
consistency (Oswalt et al., 2011, p. 138). 
E. COST SAVING APPROACHES  
Cost savings approaches are always of the upmost importance to an organization. 
Savings financial resources allows for an increase in capital that can be reinvested later for 
organizational growth. The DoN faces a similar need to save on costs so that the taxpayer 
dollars can be invested into programs that are needed for force growth, readiness, and 
sustainability. 
One overarching method of cost savings is the use of AM/3-D printing throughout 
the naval enterprise. Much is written in this research making claim at such benefits of AM/
3-D printing usage as a method to save resources by 3-D printing those expensive OEM 
parts or parts that are of inferior superiority. 
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Another method of saving cost is in the purchasing of the material for AM/3-D 
printing. The MARMC AM lab many times uses recycled scraps from around the recycle 
yards in Norfolk, Virginia since they have a limited funding base for such materials. By 
reusing the scrap materials MARMC is not only savings in material costs, but also a SROI 
aspect where they are helping to improve the environment from consuming scrap materials.  
Supporting organizations such as GE in helping to make sure school age children 
are being exposed to AM/3-D printing from an early age has great potential to save money 
in the future from reduced time needed to learn AM/3-D printing technology. Early STEM 
exposure will manifest later to a population of young adults at the age to enlist in the Navy 
and Marine Corps with specialized knowledge in AM. 
F. SUMMARY 
Using the AM ROI framework model, a leadership can step through a specialized 
process required to decide to use AM or traditional procurement methods. The intent of 
this model is to assist leadership actors in expediting the decision-making process for using 
AM or not. The model is intended also to help facilitate the temporal aspects of the supply 
system to the end-user. 
Costs and benefits weigh in with each other as factors to consider when making the 
decision whether to invest in AM/3-D printing or not. Some benefits can be monetarily 
captured while other benefits exist but cannot easily be monetized. Costs are broken down 
into one-time costs and reoccurring costs. One-time costs are considered sunk costs once 
the purchase is completed and cannot be used in future investment considerations. Unlike 
one-time costs, reoccurring costs are essential to ROI calculations when management is 
considering future investments.   
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VI. RESULTS AND DISCUSSIONS 
A. INTRODUCTION 
Due to time constraints for completion deadlines of this report, this research is not 
claiming to be all inclusive in the aggregate. This research did however attempt to be as 
encompassing as possible to try and develop a model for AM ROI that is broad enough to 
cover all aspects of the naval domain. As it goes, there may be some errors and room for 
growth and improvements in the model. 
Between support from the NAM EXCOMM, various naval leadership, and other 
national AM advancement entities working alongside the DoN, AM within the DoN 
continues to rapidly evolve. AM is evolving so much that it is inevitable that refinement 
and adjustments may need to be made accordingly to the ROI model established in Chapter 
V. Therefore, this research will act as a steppingstone for further evaluation and AM 
research on ROI. The following are explanations and a list of potential faults, inconclusive 
data, or circumstantial data in the research conducted that may alter the results of this 
research. 
B. SENSITIVITY ANALYSIS 
1. Missing Data  
There is some data missing that the author would have liked to include, however 
was not able to extract the data from the source after multiple attempts. Given more time 
the author may have been able to make the needed contact or find and alternate source of 
the information to add to this research for a more holistic conclusion. 
The author does not believe the missing information has a significant impact to the 
ultimate results of this research, but merely would act as supporting evidence. 
2. Item Design Time for Each Item on LHD-8 Not Accounted For 
Due to how busy Leader 3 is with his primary duties onboard LHD-8 and not being 
fully aware of exactly what items should be recorded for documentation purposes, AM 
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items developed onboard LHD-8 were not documented for the design, 3-D print, and 
quality assurance testing. 
Inclusion of the time for each item would help in considering the cost and benefits 
that are considered on the ROI model. Inclusion of the time requirement would also provide 
a more accurate picture of actual time savings using AM compared to traditional 
procurement methods. 
3. Possible Inaccurate Data Obtained 
Data obtained in this research is obtained via email, verbal exchange, specifications 
found on various company websites and observations during site visits. The data obtained 
is the most accurate data reported at the time this research was conducted and at thesis 
publication time. Therefore, the data contained herein may have some factual errors on 
precision due to human error or publishing error from the websites used in obtaining the 
data. 
The impact of data error is expected to be minimal since this research model 
framework is qualitative in nature and not quantitative and used mainly for demonstration 
purposes only. 
4. Limited Research Locations Utilizing AM for Business Case 
Development 
Since time and resources were limited for this research the author attempted to 
cover as many aspects of the DoN as possible to formulate the best possible framework 
model for ROI. Unfortunately, the research was not able to build upon cases from other 
aspects of the DoN such as submarines, naval expeditionary units, medical facilities, and 
aviation squadrons. 
The ability to develop a business case for other entities as well as the ones visited 
would allow for a more accurate picture of AM throughout the entire naval fleet. Having 
covered the entire naval fleet would increase ROI accuracy and better capture complete 
adoption. 
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5. AM Quality Change with Job Change 
The personnel currently in AM leadership positions around the fleet are, in the 
author’s opinion, quite frankly a blessing to the DoN. Individuals, like the ones used in this 
research (Leader 1, Leader 2, Leader 3, and 1st MEF AMTC staff) are merely examples of 
the high caliber personnel that put their all into seeing AM be adopted around the fleet and 
to maximize the ROI for each AM asset available to them. 
When these talented individuals transfer jobs, retire, or find employment elsewhere 
the DoN will lose the wealth of knowledge. Without the knowledge transfer from these 
personnel, this research may have not shown such a vast ROI as found, nor may the steps 
to educate the fleet in AM be as substantial as found during this research. Therefore, this 
research may have found different results with different personnel within the case study 
units. 
6. Model Does Not Encompass All Aspects of the DoN 
The model developed was designed with current knowledge of the researched case 
studies in mind as described in Chapter IV. Since the author was limited to four case studies 
and limited in development time and resources, the model has potential to not be all 
encompassing of all facets of the DoN. Therefore, the model may not capture all ROI. 
7. Dueling Efforts in Research 
Other entities within the DoN have been asked to research certain aspects that are 
somewhat parallel to the research covered herein. One example of this dueling research is 
that NAVSUP has been tasked to find all possible components for AM from around the 
fleet. 
NAVSUP was also tasked to determine average cycle times from requisite of a 
component to delivery to the end-user. This research endeavored to find the same 
information, however obtaining this data from NAVSUP was too difficult since the 
research is still being conducted by NAVSUP. 
This research set out to determine the ROI for AM usage onboard naval ships which 
have the natural tendency to pitch and roll in the high seas. The pitch and roll may affect 
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the ability of the 3-D printer to print a quality product. At the time of this research 
NAVSEA 05T had just completed testing onboard LHD-8 and had not finished analyzing 
the data for publication of the results. The inclusion of this data would give more fidelity 
to the ROI when used onboard naval ships. 
C. SUMMARY 
This research strived to provide the reader with a true account of actual fleet 
methods to training and implementation of AM assets. There are always inherent errors in 
data and research that may alter the outcome of the research and adjust the formulations of 
recommendations to leadership actors in the DoN. The sensitivity analysis described the 
most common errors that could impact this research and the outcome of recommendations 
therein. 
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VII. CONCLUSIONS AND FUTURE WORK 
A. CONCLUSIONS 
The 2015 SECNAV memorandum described the importance of AM and the initial 
path forward in designing of the leadership involved with overseeing the AM 
implementation plan. Soon after the 2015 memorandum from the SECNAV, the CNO, 
Admiral Richardson, provided additional foundation for the strategic need of AM/3-D 
printing and a path forward. The path forward created a timeline of events to occur and 
established the NAM EXCOMM to oversee future program progress. Since that time, AM 
continues to grow in technological advancement and popularity in the commercial industry 
and the armed forces, alike. The growth in the DoN has been steady, but needs complete 
adoption. With the DoN facing fiscal constraints, AM can show an ROI that provides 
powerful reasons to invest in AM assets. This investment has the potential to enhance 
stewardship of taxpayer dollars. This research used four case studies from around the fleet 
(including the Marine Corps) to observe the current state of AM adoption and to grasp the 
ROI concepts involved in complete adoption. 
The research conducted found there to be inconsistent instruction methods used to 
train personnel around the fleet. Some entities are willing to share data on what they have 
designed and others were not. The JTDI needs to be revamped and improved so that all 
DoN entities can openly and freely share TDPs and solicit help from other entities to help 
expedite the design process. As we have previously learned in Chapter II, increases in 
design time reduces ROI. 
An oversight board should be created and designed by the NAM EXOMM or 
another naval leadership organization to oversee the development of a curriculum and 
syllabus for teaching AM/3-D printing in the DoN. The curriculum should consider the 
potential incorporation into a “C” school for personnel, vice a week long/day long course. 
Creating a curriculum that is taught throughout the DoN adds consistency in training for 
personnel so that when personnel transfer to a new duty station they will have the same 
level of training as the person they are replacing. By having a consistent level of training, 
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command leadership will likely be more competent and receptive to the vast possibilities 
in readiness improvements AM brings to the command. Leadership may also consider the 
development of a new rate to incorporate AM/3-D printing effectively into the fleet.  
AM/3-D printing would have a faster rate of complete adoption if all AM facilities 
were directed or encouraged via policy change to share successes, findings, training 
workshops available, and upcoming technologies. CNO Richardson empowered leadership 
in the Design V2.0 to adjust policies, if need be, to align with future technology trends (p. 
11). One hinderance specifically observed doing research for this thesis is the MARMC 
AM lab leadership feels the pressure to vet all quad charts showing AM designs they have 
completed through the local PAO. The vetting process through the PAO adds long periods 
of delay for the lab to get the word out of their successes. Additionally, the MARMC lab 
would not allow this research team to take any photographs during the visit of anything 
inside the lab, in fear that it would all need to be vetted through the PAO first. Whether 
this is true or not, this is an obstacle to complete adoption and will reduce ROI in the 
interim. 
One of the most profound methods of accelerating AM when considering the 
geographical separation within fleet units, is an exchange server such as the JTDI 
exchange. The JTDI exchange is designed for all AM actors to share AM design TDPs. 
Although the concept of JTDI is a success, the practicality for many fleet users is lacking 
in program design. Among the user difficulties in using the JTDI is the lack of parsing files 
in an organized manner to find the items the AM user is looking for. One recommendation 
is to sort the files by the national stock number (NSN) or if the item is a component within 
a larger component and therefore falls under the larger items NSN, use the larger 
components NSN. Sorting TDPs by NSN will allow the AM users looking for a component 
already designed and approved for 3-D printing to quickly parse files, savings copious 
man-hours in re-design and certification of the component all over again. The exchange 
server also needs to be able to be utilized when there is limited internet availablity such as 
on deployment or on the battlefield. 
When considering ROI, the DoN must be mindful of the importance of AM/3-D 
printing in primary and secondary education institutions nationally and globally. Our 
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competitors see the importance of AM and the future potential it holds. They are ensuring 
their youth are taught AM design and printing from an early age knowing they will 
eventually be the military and industry leaders for their nation. The DoD must strive to do 
the same. Investment and support of organizations focusing AM for U.S. children will be 
our key to future success. 
The effort in this research provides a common basis that covers the majority of AM 
within the DoN at the time this research is published. With minor alterations to how AM 
is currently being implemented and the utilization of the ROI model and framework 
established herein, AM will without a doubt be effective and sustainable, increase readiness 
around the fleet, help the DoN remain the leading world naval power, and reduce costs 
currently experienced with commercial procurement. Senator Jim Inhofe, chairman of the 
senate armed services committee (SASC) professed that “Since World War II, the 
American people have believed our military has the best of everything…” but, points-out 
that the technology we thought put the United States twenty years ahead of competitors 
“…has rapidly diminished” and if we do not continue strive for “…urgent change at 
significant scale, as former Defense Secretary Gen. James Mattis put it, it’s likely the U.S. 
will face an enemy with superior weapons, superior equipment, and superior capabilities.” 
(Inhofe, 2019)  
B. AREAS OF FUTURE WORK 
1. Quantitative Study 
Since this research is qualitative in nature this provides a base or foundation for the 
next researcher to build upon in a quantitative fashion. Adding quantitative functioning 
will provide actual numbers to the ROI versus a conceptual framework. Follow-on 
researcher could also find ways to account for aspects of the ROI, such as the value for 
reduced emissions from less weight in aircraft or vehicles due to AM—known in this 
research as the SROI. 
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2. Broaden Case Studies 
Other areas for future work would be in conducting case studies on DoN entities 
not used in this research. For example, conducting AM research on naval hospitals or fleet 
expeditionary units. The data obtained from those case studies could help develop the 
model in a more acute fashion and more detailed successes or problems around the fleet 
that is hindering adoption and improving/diminishing ROI. 
3. Mission Critical Components 
Future efforts in research could include or focus more on the ROI of specific 
mission critical components from around the fleet. At the time of this research, NAVSUP 
was performing a similar task. 
4. Advancing Technologies 
One can also conduct more research in advancing technologies within AM in other 
fields where the need of AM is rapidly growing. These areas are in medical, surgical, 
dental, expeditionary, propellants, and others. The medical industry for AM is a hot bed 
for advancements in bionics, implants, and precise fitting of certain medical devices like 
splints and casts that are anatomically unique to an individual. Dental AM is accelerating 
in 3-D printing of molds and implants which have the ability to be 3-D printed on site and 
eliminate the time required to order commercially and have the item delivered. 
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APPENDIX. AM TIMELINE 
 
Figure 31. AM Progression Milestones and Demonstrations. Source: 
Department of the Navy (2017, p. B-2) 
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